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Cemented carbides, also referred to as hardmetals, are liquid-phase sintered composite materials 
consisting of at least one hard and wear-resistant phase (WC in the majority of cases) embedded in a soft 
and ductile metallic one from the iron group (being Co and its alloys the most widely used), acting as a 
binder. Hardmetals exhibit an outstanding combination of hardness, wear resistance, strength and 
toughness as a consequence of their fully interpenetrated two-phase structure. This unique combination of 
properties has established cemented carbides at the forefront of a wide range of engineering and tooling 
applications operating under extremely demanding service conditions. The key to success of cemented 
carbides resides in their microstructure, which can be tailored to meet individual requirements for such a 
range of applications; being the composition, content, size and distribution of the constituents the 
principal microstructural parameters.  
The current situation of hardmetal industry is strongly struggled by the high and volatile prices of 
raw materials, owing that principal ore mines are located at places hardly accessible to the “industrial 
world”. At this juncture, producers and end-users are deeply concerned in: (1) increasing the performance 
and enhancing service-life and reliability of engineering products; (2) improving the efficiency of 
recycling processes; and (3) replacing current constituents by alternative and less critical materials. 
Within this context, premature and unexpected fracture, together with wear, is the main damage 
phenomenon limiting the life in most cemented carbide applications. In the vast majority of cases such 
ruptures stem from the combination of high monotonic and cyclic stresses, together with different 
damage-related features associated with harsh service conditions, such as corrosion, impacts and thermal 
shock. Therefore, relevant consideration of fracture toughness and fatigue resistance is required if 
reliability (i.e. lower probability of premature and unexpected failures) and lifetime of hardmetal 
engineering tools and components is to be increased. Following the above ideas, the purpose of this 
thesis is to improve the performance and increase the reliability of cemented carbides in rupture-
limited applications on the basis of enhanced damage tolerance and reduced fatigue sensitivity 
through an optimal microstructural design. Within this framework, this investigation is composed of 
three main subjects covering different aspects related to the performance of hardmetals under service-like 
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conditions. The first two sections are devoted to conduct a comprehensive study on the influence of the 
microstructure on fracture and fatigue behaviour of hardmetals. The aim of the third section is to evaluate 
microstructural effects on the tolerance of cemented carbides to service-like damage, induced either by 
localised corrosion or thermal shock. 
Main contribution to toughness in cemented carbides derives from plastic stretching of crack-
bridging ductile enclaves at the crack wake, referred to as the multiligament zone [1,2]. Hence, the 
development of a multiligament zone implies the existence of a rising crack growth resistance (R-curve) 
behaviour, the size of which is dependent on the width and strength of the ligaments; and thus, on the 
microstructural arrangement. In toughened materials, damage tolerance is successfully promoted with the 
development of R-curve behaviour. Therefore, higher reliability and strength enhancement can be 
attained by building microstructures capable of developing toughening mechanisms so that strength 
becomes less sensitive to flaw size [3]. The main advantage of such strategy is that it permits to allocate 
appreciable service-damage without compromising the structural integrity of the component. In this 
regard, the first section of this thesis is dedicated to carry out a detailed investigation of fracture 
mechanics and mechanisms in cemented carbides, and to propose a relation to capture 
microstructural effects on the R-curve characteristics of these materials. This section also includes a 
study on the uniaxial compression behaviour of micropillars consisting of Co-binder ligaments 
constrained by their surrounding WC carbides milled with focused ion beam (FIB). Main purpose of this 
work is to bring insights on the mechanical deformation and failure behaviour of the constrained ductile 
metallic ligaments and the carbide/binder interface as key features for determining effective toughening in 
cemented carbides. 
Strength reduction of hardmetals under the application of cyclic stresses is intimately related to the 
inhibition of the crack-tip bridging mechanism [4]. For WC–Co cemented carbides, the degradation of 
bridging ligaments is mainly associated with an accumulation of the fcc to hcp fatigue-induced 
martensitic phase transformation [5]. However, this mechanism does not apply for Ni binders [6,7]; 
therefore, it remains unclear if effective fatigue susceptibility of Co-base hardmetals is comparable to that 
of cemented carbides consisting of alternative binders. Moreover, hardmetals exhibit crack-deflection as 
an additional toughening mechanism, but contrary to the case of crack-bridging, it is immune to fatigue 
loads [8]. The effective action of this toughening mechanism is speculated to increase with rising carbide 
mean grain size. Accordingly, it is also the goal of this thesis to assess the microstructural influence on 
the effective toughening derived from crack-deflection in cemented carbides. Hence, the second part of 
this thesis is devoted to study and understand the fatigue sensitivity of cemented carbides consisting 
of binders with deformation mechanisms beyond phase transformation as well as medium/coarse 
microstructures. 
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As mentioned above, cemented carbides applications are generally subjected to harsh working 
conditions. These derive in different damage mechanisms that limit their service-life. Within this context, 
the third section of this thesis consists of a systematic study on the influence of the microstructure 
on damage-related features induced by either thermal shock or corrosion, in order to set out 
guidelines for optimal microstructural design. In doing so, (1) the structural integrity of damaged 
cemented carbides is assessed on the basis of residual strength; (2) microstructural effects on damage 
tolerance are captured by means of considering induced damage level as a critical parameter; and (3) 
toughness and R-curve characteristics (previously determined) are assumed to be dominant properties for 
enhanced performance. In addition, thermal shock resistance parameters for studied materials are 
estimated and invoked as figures of merit for rationalizing structural design of cemented carbides 
applications subjected to thermal shock.  
Keywords: cemented carbides; alternative binders; fracture mechanics; fracture mechanisms; R-curve 
behaviour; fatigue crack growth; fatigue life; fatigue mechanisms; crack-deflection; corrosion; thermal 
shock; residual strength; damage tolerance; FIB/FESEM tomography; fractography 
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This dissertation includes the research work conducted by the author for obtaining the degree of 
Doctor of Philosophy at the Universitat Politècnica de Catalunya – Barcelona Tech during the period 
from the 5th of March 2012 to the 14th of September 2016. This Ph.D. thesis was carried out under the 
supervision of Prof. Luis Miguel Llanes Pitarch at the Centre d'Integritat Estructural i Fiabilitat dels 
Materials (CIEFMA) group from the Departament de Ciència dels Materials i Enginyeria Metal·lúrgica 
(CMEM) of the Universitat Politècnica de Catalunya (UPC). The presented work is original, unless 
otherwise detailed references are provided. 
This Ph.D. thesis is presented as a compendium of published articles and contains eight chapters, 
which are described hereafter. Chapter 1 describes the state of the art on cemented carbides and their 
behaviour under service-like conditions. Chapter 2 summarizes the aims and scope of the thesis. 
Experimental details are described in respective articles but some additional details on the microstructural 
and mechanical characterization of studied materials as well as on the 3D FIB/FESEM tomography 
technique are included in Chapter 3. In Chapter 4 the eight articles presented in this thesis are introduced 
and classified in three main subject areas: (1) fracture behaviour of cemented carbides; (2) fatigue 
mechanics and mechanisms of cemented carbides; and (3) structural integrity of cemented carbides 
subjected to service-like damage induced either by corrosion or thermal shock. Full articles are included 
in Chapters 5 to 7 according to their areas of study. Finally, the summary of the results, the conclusions 
and the impact and future perspectives of the work are detailed in Chapter 8. 
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1.1. Introduction to cemented carbides 
Cemented carbides, also called hardmetals, are a group of powder metallurgy (PM) liquid-phase-
sintered materials consisting of brittle refractory carbides of the transition metals (e.g. WC, TiC, TaC and 
NbC) embedded in a metallic matrix that acts as a binder. The preferential choice for the binder is cobalt. 
However, alternative binders, principally nickel and iron alloys, have also attracted considerable attention 
as cobalt substitutes in certain applications. The key to success of cemented carbides resides in their 
outstanding combination of strength, toughness and wear-resistance. Such remarkable mechanical 
properties result from the extremely different properties of their two interpenetrating constitutive phases: 
hard, brittle carbides and a soft, ductile metallic binder (e.g. Refs. [9–11]). As a consequence, they are 
forefront materials in a wide range of extremely demanding applications, where high tribomechanical 
performance and improved reliability are required, such as metal cutting, mining, rock drilling, metal 
forming and wear parts [12].  
1.1.1. History and current status of hardmetal industry 
The starting point for the use of hardmetals in engineering applications dates from 1923, when Karl 
Schröter successfully sintered for the first time a WC–Co hardmetal. Schröter’s main purpose was to 
replace diamond in drawing dies to produce tungsten wires for incandescent lamps [13,14]. Three years 
later, Krupp brought sintered carbides onto the market under the name of “WIDIA”. In short time 
afterwards, cemented carbides started to replace high speed steels in cutting tools due to its superior hot 
hardness and improved wear resistance [14,15]. This fact involved a drastically increase in cutting speeds, 
resulting in important savings for machine tool industry. From that moment on, the field of application of 
cemented carbides rapidly expanded; and in consequence worldwide hardmetal production has steady 
increased during the last century, as can be seen in Figure 1.1 [14]. In 2008 world hardmetal production 
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was about 60,000 tons and was estimated to be worth more than 10 billion euros [16]. Indeed, in 2011 
worldwide tungsten consumption for cemented carbides reached 62,000 tons, which represent almost the 
60% of worldwide tungsten consumption (including recycled material) [17]. Concretely, tungsten 
consumption is growing extremely fast in China and nowadays it accounts for almost the 60% of world 
consumption [17]. Stone working and machining of wood and plastics are the largest fields of application, 
followed by metal cutting, wear applications and chipless forming. In contrast, metal cutting group 
accounts for a 65% of the turnover (due to its high degree of innovation and added value), compared to 
the other hardmetal sectors [18], as shown in Figure 1.2.  
  
Figure 1.1. Estimated worldwide production of hardmetals in the years from 1930 to 2011 [14,17]. 
Adapted image from [14]. 
Since the discovery of the first WC–Co cemented carbide, performance enhancement has been 
continuous and some of the most outstanding advances of the hardmetal industry are reflected in Table 
1.1 [13]. Current developments in the field of hard materials are mainly related to the scarcity of raw 
materials that results in high and volatile prices due that main ore mines are located in areas of difficult 
access to the “industrial world” [16,17]. In addition, hardmetal industry has encountered an important 
challenge from the health perspective. In fact, the European program for Registration, Evaluation, 
Authorisation and Restriction of Chemical substances (REACH) [19] and the U.S. National Toxicology 
Program (NTP) [20] have considered cobalt dust as a toxic and carcinogenic material [17]. Therefore, 
significant efforts are being devoted to: minimize the use and/or replace raw materials, increase the 
efficiency of recycling processes, and improve the performance and enhance the lifetime of cemented 
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Figure 1.2. General application areas of cemented carbides by worldwide consumption and by turnover; 
note the significant differences in share due to the strong differences in the degree of added value. 
Adapted image from [18]. 
Year Event 
1923-1925 Invention of the first WC–Co tool 
1929-1931 Development of WC–TiC–Co and WC–TaC(VC,NbC) –Co grades 
1938 WC–Cr3C2–Co 
1948-1970 Manufacturing of submicron WC–Co hardmetals 
1965-1975 Hot Isostatic Pressing (HIP) 
1965-1978 Application of CVD coatings on hardmetals tools like TiC, TiN and Al2O3 
1969-1971 Thermochemical surface hardening 
1970-1990 Powders recycled by the zinc process  
1974-1977 Polycrystalline diamond on WC–base hardmetal 
1981 Many thin coatings with AlON layers 
1981-2015 Functionally graded cemented carbides 
1983-1992 HIP sintering 
1985 “CALPHAD” for phase diagram modifications 
1990-2010 Fine-grained cemented carbides 
1992-1995 Plasma CVD diamond coating 
1993-1995 Coatings with complex carbonitrides 
1994 Nanocrystalline cemented carbides 
2012-  Cemented carbides by additive manufacturing 
Table 1.1. Principal developments in the cemented carbide industry from the invention of the first WC–
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1.1.2. Structure of cemented carbides 
Tungsten carbide-cobalt (i.e. WC–Co) system is by far the most common hardmetal and its typical 
microstructure is shown in Figure 1.3a. WC–Co is considered as a pseudo-binary section in a three 
component system W, C and Co. However, if during the manufacturing process the carbon balance is not 
properly controlled, additional and undesirable phases appear in the structure as can be seen in the vertical 
section of the W–C–Co phase diagram calculated for a WC–10%wt.Co cemented carbide (Figure 1.3b) 
[23]. Then, high C contents result in the presence of graphite, whereas low C contents lead to η-phase (i.e. 
M6C or M12C, where M is generally ConWn) [24]. Therefore, the principal metallurgical phases found in 
cemented carbides are the carbide (α) and binder (β) phases.  
 
Figure 1.3. (a) Example of the microstructure of a WC–10%wt.Co hardmetal and (b) vertical section of the 
W–C–Co phase diagram calculated for a WC–10%wt.Co cemented carbide [23]. Image from [12]. 
Carbide phase 
Generally the carbide phase represents between 65 and 97% in volume of the composite material. 
In the W–C binary system there exist three different types of carbides: stoichiometric monocarbide WC, 
subcarbide W2C and cubic substoichiometric γ–WC1-x. Nevertheless, tungsten monocarbide is the 
principal hard phase existing in cemented carbides at room temperature. Tungsten carbide exhibits a 
hexagonal close packed (hcp) structure and its lattice parameters are a = 0.2906 nm and c = 0.2837 nm 
(Figure 1.4a) [9,25]. WC crystals basically grow on the prismatic and basal surfaces, and present three 
different types of facets, one basal {0001} and two prismatic {1010} [9]. Consequently, they exhibit a 
marked anisotropy. WC grains have a faceted structure and experiment a tendency to form an equilibrium 
shape with truncated corners [9,16], as illustrated in the schematic representation of a WC grain shape 
shown in Figure 1.4b [26].  
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Figure 1.4. (a) WC unit cell with unit lattice vectors: a1 = 1/3[2-1-10], a2 = 1/3[-12-10], and c = [0001]. 
Each tungsten atom is bounded to the six nearest carbon atoms forming two mirror-like triangular prisms 
[25] and (b) schematic WC grain shape [26]. 
In addition to WC, MC cubic carbide additions are frequently incorporated in certain applications 
to enhance hardness and wear resistance at high temperatures, such as in cutting tools for high-speed 
machining of steels [27]. Concretely, the metals of the IV (Ti, Zr, Hf) and V (V, Nb, Ta) groups are 
widely considered because they form harder carbides than WC [9]. Among them, TiC is the most used, 
due to its extremely hot hardness, and the main selection in industrial applications is based on  WC–TiC 
carbides with (Ta,Nb)C additions [27].  
Binder phase 
Despite of its relative expensive price, cobalt has been the traditional choice for the binder phase in 
WC based cemented carbides. There are several reasons behind this choice.  First, the especially 
favourable chemical bonding between the WC–Co couple that leads to a very low interfacial energy, 
nearly perfect wetting and a very good adhesion. That results in products with an outstanding compromise 
between strength, hardness and toughness. Second, the sintering process is well-known and easily 
controlled due to the temperature dependent solubility of W and C on cobalt. Third, the fact that cobalt is 
a ferromagnetic binder that allows non-destructive quality control through the assessment of their 
magnetic properties, i.e. coercitivity and magnetic saturation [9,12].   
Cobalt has a hcp crystallographic structure as the most stable phase at room temperature [16]. 
However, in cemented carbides the high temperature face centred cubic (fcc) phase is partially stabilized 
at room temperature. The relative amount of fcc/hcp phases is determined by the W and C content 
dissolved in the binder, the cooling rate, the plastic strain induced after cooling and the size of the 
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although some hcp lamellas are also often encountered within binder pools. The binder phase is fully 
interconnected and Co grains tend to extend over much larger areas than the carbide mean grain size and 
to enclose several WC particles (e.g. Figure 1.5) [29]. The size of the cobalt grains is significantly 
influenced by the amount of W dissolved in the binder and by the microstructural parameters, i.e. carbide 
mean grain size and binder content [27,29–31]. 
 
Figure 1.5. Electron Backscattered Scanning Diffraction (EBSD) micrograph of (a) carbide and (b) 
binder phases of a WC–11%wt.Co cemented carbide. Images from [27]. 
In certain applications Ni and Fe alloys are the preferential binder choice, instead of Co, aiming to 
increase some specific properties. Concretely, nickel binder is selected in applications involving high 
corrosive environments, whereas iron-based binders are rather used in small and specific niches of 
application such as wood-working [12,32]. The special attention received by nickel as an alternative 
binder to cobalt comes from its similarity in structure and properties, besides its good corrosion 
resistance. Both, cobalt and nickel exhibit good wettability with WC, and fully dense hardmetals without 
anomalous porosity can be produced [32]. The principal difference between them is the higher stacking-
fault energy of Ni that results in lower hardening rates [17]. Thus, hardness and strength of WC–Co 
grades tend to be superior to those exhibited by WC–Ni ones. However, the mechanical properties of 
WC–Ni hardmetals can be enhanced by using solid solution strengthening and dispersion hardening 
techniques [12], with elements such as Cr [32] and Si [33]. Furthermore, Cr additions result in a large 
increase of the corrosion resistance of WC–Ni hardmetals [34]. An additional inconvenience for the use 
of Ni- and Fe-based hardmetals is the reduction of the size of the carbon window for avoiding graphite 
and eta-phase, in comparison with that of the WC–Co system. It difficult carbon control for a proper 
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1.1.3. Microstructure of WC–Co/Ni cemented carbides 
Mechanical and tribological performance of cemented carbides is closely related to their particular 
microstructure, being the content and physical dimensions of each constituent phase the most common 
features for defining them (e.g. Refs. [10,35]). Thus, to understand the mechanical behaviour of cemented 
carbides it is necessary to study the composition, distribution and size of each of the phases constituting 
the material. Within this context, the principal parameters used to characterize the microstructure of 
hardmetals are the average grain size of WC particles (dWC) and the binder volume content. However, 
both parameters are frequently varied simultaneously, and correlation between property and 
microstructure requires of additional two-phase normalizing parameters. Among them, the contiguity of 
the carbide phase, CWC, and the binder mean free path, λbinder, clearly stand out (e.g. Refs. [9,10,13,27]). 
The former describes the interface area fraction of WC carbides that is shared between them [36], 
whereas the latter refers to the mean size of the metallic phase. In addition to these key parameters, there 
are other microstructural aspects that strongly influence the properties of cemented carbides, such as the 
binder chemical nature [12], the amount of W and C dissolved in the binder [28] and the shape [37] and 
grain size distribution [38] of the carbides, to name a few. Although the influence of such variables on the 
performance of hardmetals is widely recognized, normally they are not taken into account when analysing 
mechanical property-microstructure relations [10]. 
1.1.3.1. Mean grain size of the carbide phase 
The carbide mean grain size is a statistical concept which refers to the average size of the WC 
particles that compose the hardmetal. WC carbides in hardmetals can have different sizes, going from 
ultrafine up to extra coarse carbides (Table 1.2). The growth of these crystals in each grade depends upon 
mean size and size distribution of the starting powders, milling and sintering conditions, and composition 
of the binder [27]. It is interesting to remark that high carbon contents generally promote the growth of 
tungsten carbides grains. Grain growth inhibitors, such as chromium carbide (Cr3C2) and vanadium 
carbide (VC), are generally required in the finer microstructures to reduce grain growth and to keep a 
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Grain size (μm) Designation 
< 0,2 Nano 
0.2 – 0.5 Ultrafine 
0.5 – 0.8 Submicron 
0.8 – 1.3 Fine 
1.3 – 2.5 Medium 
2.5 – 6 Coarse 
> 6 Extra coarse 
Table 1.2. Grain size classification of cemented carbides [12]. 
Binder content 
As explained before, the relative content of each phase plays a major role in determining the 
mechanical properties of cemented carbides. The binder content is usually given in weight percentage but 












where Vbinder is the binder content in volume, Vwtbinder is the binder content in weight, ρWC is the tungsten 
carbide density (15.65 g/cm3) and, ρc is the experimental density of the composite. 
Carbide contiguity 
The contiguity of the carbide phase is a key two-phase microstructural parameter that defines the 
ratio between the grain boundary area occupied by WC/WC interfaces to the total interface area of 
carbide grains [36]. Similar to grain size, contiguity can be also estimated using the linear intercept 
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where NWC/WC and NWC/Binder are the number of carbide/carbide and carbide/binder intercepted interfaces. 
Roebuck and Bennett [39] studied the contiguity as a function of the binder content for a series of 
hardmetals and proposed the following empirical relation: 
𝐶𝐶𝑊𝑊𝑊𝑊(𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑒𝑒)𝑏𝑏 = 𝐷𝐷 (1.3) 
where the best-fitting is obtained when n and D constants take values of 0.45 and 0.2, respectively. 
However, they pointed out a significant dispersion of CWC values for each specific binder content, 
associated with different mean sizes and distributions of the carbide phase and to the difficulty to properly 
interpret all interfaces [10,38,39]. Furthermore, contiguity depends on additional factors such as the 
carbide particle shape [37,40] or the manufacturing conditions, including sintering time and temperature 
[41]. Within this context, the author of this thesis and co-authors proposed another empirical relation that 
considers the simultaneous effect of binder content and carbide mean grain size for contiguity 
determination in hardmetals based on an extensive data collection from open literature [42]. It is 
described by the following equation: 
𝐶𝐶𝑊𝑊𝑊𝑊 = 0.036 + 0.973 ∗ 𝑒𝑒𝑒𝑒𝑒𝑒 �
−𝑑𝑑𝑊𝑊𝑊𝑊
3.901 




Binder mean free path 
The binder mean free path is a measure of the mean distance between the aggregate carbide grains 
within the binder material; in other words, it represents the size of the cobalt region in cemented carbides 
[9]. It constitutes the most important parameter for the characterization of the geometry of the binder 
phase. In composite materials with a homogeneous distribution of the phases, the equation to estimate the 







where VWC is the WC volume content. However, in structures with one predominant phase the mean free 






𝑑𝑑𝑊𝑊𝑊𝑊  (1.6) 
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The binder mean free path is the appropriate microstructural parameter to relate some specific 
behaviour with respect to microstructure when both, grain size and binder content, are simultaneously 
varied. It rises when increasing the carbide mean grain size and/or the volume fraction of the binder. 
Thus, an increase of the binder mean free path implies a rise of the fracture toughness of the material at 
the expense of a decrease in hardness [10]. 
1.1.4. Microstructure-property relations and applications 
As already mentioned in previous paragraphs, the microstructure of cemented carbides plays a 
major role in defining their mechanical properties. In general terms, it can be stated that high binder 
contents and coarse grain sizes are the proper microstructural selection in applications requiring a high 
relevance of toughness and enhanced damage tolerance; whereas low binder contents and fine grain sizes 
are the best choice in those materials demanding wear resistance and high hardness levels. In Figure 1.6 
the dependence of hardness, wear resistance, compressive strength and fracture toughness on binder 
content is shown for different WC mean grain sizes [43].  
 
Figure 1.6. Influence of the microstructure on the mechanical properties of cemented carbides: (a) 
hardness, (b) wear resistance, (c) compressive strength and (d) fracture toughness of cemented carbides as 
a function of the binder content for different carbide mean grain sizes. Image from [43]. 
(a) (b)
(c) (d)
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Besides their outstanding combination of mechanical properties, cemented carbides exhibit 
additional properties that made of them the best choice in a wide range of extremely demanding 
applications. To name a few, hardmetals exhibit high stiffness and hot hardness values, are extremely 
good thermal conductors and have a relevant resistance against impacts, thermal shock and corrosion 
[44]. Accordingly, cemented carbides are forefront materials in the tooling industry and are used in a 
large number of applications such as: metal cutting, plastic and metal forming, mining, rock drilling, 
drawing dies, structural components and wear parts [12]. Within this context, the microstructure of 
cemented carbides can be tailored to reach the best property compromise to maximise the performance 
according to the in-service conditions to which they are subjected. The application range of cemented 
carbides as a function of their microstructure is illustrated in Figure 1.7 [43].  
 
Figure 1.7. Application range of cemented carbides as a function of their WC grain size and cobalt 
content. Image from [43]. 
1.2. Fracture behaviour of cemented carbides 
Almost all engineering and tooling applications require hard (wear resistant) and tough (damage 
tolerant) materials. However, in general these properties are mutually exclusive. Within this context, and 
as already pointed out in the previous section, hard microstructures are characterized by large carbide 
contents and small carbide mean grain sizes. Meanwhile, the opposite microstructural trend is found in 
applications demanding high toughness levels [10,12]. Therefore, the majority of hardmetals applications 
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are microstructurally designed to achieve the best compromise between both properties. Brittle fracture is 
one of the most common failure mechanisms in the use of cemented carbides, particularly in the 
implementation of them as either forming tools or structural components [11]. Indeed, such applications 
are generally submitted to high mechanical forces and contact loads; and thus, are rather rupture-limited. 
Premature and unexpected failures of components involves important costs, not only for the direct 
expenses associated with the replacement of the failed piece but also for the downtime to either replace 
the broken tool or set out the entire engineering system for which the failed component was a single 
structural element. Thus, such applications require of a higher relevance of toughness for increasing their 
reliability. 
1.2.1. Fracture mechanics and mechanisms 
Brittle fracture of cemented carbides, as for other ceramic materials, is governed by unstable 
propagation of pre-existing flaws which may be processing-, shaping- or service- induced defects (e.g. 
Refs. [10,45–50]). Therefore, linear elastic fracture mechanics (LEFM) theory has been widely 
recognized as the theoretical mathematical framework to rationalize their fracture behaviour (e.g. Refs. 
[45,51–53]). Through the simple application of the Irwin-Griffith criterion, LEFM failure criterion relates 
the fracture strength (σr) with the critical flaw size (ac) and the plane strain fracture toughness of the 
material (KIc) according to the expression [54]: 
𝐾𝐾𝐼𝐼𝑐𝑐 = 𝑌𝑌𝜎𝜎𝑒𝑒�𝑎𝑎𝑐𝑐 (1.7) 
where Y is a dimensionless crack/specimen geometric factor. Fracture toughness physically represents the 
material’s resistance to fracture, and is measured as the critical value of the crack-driving force required 
to propagate a pre-existing crack [55]. This model sustains a failure process consisting on crack initiation 
from critical defects, and subsequent catastrophic failure without stable subcritical crack growth extension 
(Δa) before fracture [11]. 
Within the above framework, hardmetal producers and end-users are concerned in the design of 
materials combining high strength levels with enhanced reliabilities, especially in the application of 
cemented carbides as structural components and forming tools [12]. Accordingly, two main strategies 
may be followed to achieve this objective: flaw control and toughening [3]. On the one hand, the principal 
purpose of the first approach is to homogenize the size of processing flaws and to minimize the presence 
of large defects, as the strength of cemented carbides is strongly sensitive to them [11]. On the other hand, 
the toughening approach attempts to design microstructures capable of providing sufficient fracture 
resistance such that strength of the material becomes not affected by the size of their flaws. The latter has 
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the obvious benefit, over flaw control approach, of being able to tolerate appreciable processing flaws and 
in-service damage without compromising the structural integrity of the material [3]. 
Toughening in materials can be developed in terms of intrinsic and extrinsic mechanisms [55]. 
Intrinsic toughening is the predominant mechanism in metallic materials and is mainly related to the 
generation of a plastic zone ahead of the crack-tip. On the other hand, extrinsic toughening is given by 
crack-tip shielding mechanisms, acting mostly behind the crack-tip to inhibit crack propagation. There 
exist a large diversity of extrinsic toughening mechanisms, such as crack-bridging by unbroken fibres or 
ductile phases in composite materials, transformation toughening, crack-deflection and oxide wedging, 
among others [55]. Regarding cemented carbides, crack-bridging by strongly bonded metallic 
reinforcements is the principal toughening mechanism [1,2,56–61], although crack-deflection also plays a 
significant role [8]. As a consequence, the outstanding fracture toughness levels exhibited by hardmetals 
are mainly associated with toughening derived from plastic stretching of crack-bridging ductile ligaments 
[59–61]. Within this context, cracks propagate throughout the composite assembly, leaving isolated 
metallic ligaments behind the crack-tip. As first described by Evans et al. [56], cracks open with 
increasing applied load, and a multiligament zone develops at the crack wake [1,2,58]. For WC–Co 
cemented carbides, this zone is reported to measure about five times the microstructural length scale (i.e. 
the addition of carbide mean grain size and binder mean free path) and to consist of between 2 and 4 
ligaments in the direction of crack propagation [1,2]. Accordingly, the energy required to plastically 
deform the constrained ductile ligaments is the main contribution to toughness of these materials [1,2,56–
62]. The deformation behaviour of binder ligaments considerably differs to that of the bulk material, since 
they are severely constrained by the surrounding carbides. Contrary to the behaviour of a tensile test bar, 
in which the elongation in the direction of applied load is compensated with a contraction in the 
perpendicular direction; lateral contraction of binder ligaments is impeded by the surrounding carbides, 
and their elongation must be compensated with the formation of microcavities inside the ligament to 
uphold volume constancy [1,2,62]. Using finite element calculations, it was demonstrated that binder sites 
exposed to a high local plastic strain and stress triaxiality are critical zones for microvoid nucleation [62]. 
First void will be followed by others along the plane linking the adjacent cracks in the carbide phase, and 
finally the ligament fractures by void growth and coalescence (Figure 1.8)  [1,2,57,58,62,63]. Fracture 
close to the carbide-binder interface proceeds in a similar manner to that in the binder, i.e. by nucleation, 
growth and coalescence of microcavities. However, in this case shallow and closely spaced microvoids 
are evidenced running parallel to the binder/carbide interface but within the metallic phase. Fischmeister 
et al. [62] attributed the formation of such finer dimple structure to the fulfilment of high triaxiality 
conditions in these regions. 
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Figure 1.8. Nucleation, growth and coalescence of microcavities within the binder phase during crack 
unstable propagation. Adapted image from [2]. 
As in the case for brittle solids reinforced with a ductile phase (e.g. Refs. [64,65]), the development 
of such multiligament zone implies the existence of a rising crack growth resistance (R-curve) behaviour 
in hardmetals [8,66–69]. The size of such R-curve is dependent on the width and strength of the ligaments 
[61,67,70]; and thus, on the microstructural arrangement of the composites under consideration. R-curve 
behaviour may be described as the ability of a microstructure to develop toughening mechanisms on an 
advancing crack, which can be done, for example, by screening the crack-tip from the far-field driving 
force [65,71,72]. In the case of ceramics toughened by ductile reinforcements, the magnitude of these 
stresses increases with crack extension due to the formation of new bridges at the crack wake until a 
plateau is reached (i.e. steady-state value corresponding to plane-stress fracture toughness) [63]. The 
existence of such rising R-curve behaviour implies beneficial effects on reducing strength scatter (i.e. 
increasing strength reliability) and enhancing damage tolerance [3,71].  
Contrary to LEFM failure criterion, one of the particularities of materials exhibiting R-curve 
behaviour is that cracks may grow stably before reaching a critical size where unstable crack extension 
takes place [65,73]. In this case, subcritical crack growth propagation before fracture is defined by the 
instability criterion, i.e. when tangency conditions are satisfied [65]: 
𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎  =  𝐾𝐾𝑅𝑅 
𝑑𝑑𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎
𝑑𝑑𝑎𝑎





where Kapp is the applied stress intensity factor, KR is the crack-tip resistance stress intensity factor and a 
is the crack length.  Both variables may be related to the applied strength (σapp), according to LEFM basic 
equation [54]: 
𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑌𝑌𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎√𝑎𝑎 (1.9) 
Fractured zone PlasticzoneMultiligament zone
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In Figure 1.9 a schematic representation of crack-growth resistance curves for a material with flat 
and a rising R-curve is shown [71]. The condition required for unstable fracture is fulfilled when the 
driving force for crack propagation increases faster than the material resistance to fracture; i.e. when the 
driving force as a function of the crack size is tangent to the crack growth resistance curve. A material 
exhibiting a flat R-curve curve always fractures at the same crack-tip resistance stress intensity factor 
level, i.e. there is a unique toughness value that unambiguously characterizes the material. On the other 
hand, materials having a rising R-curve behaviour develop different toughness levels (Keff) depending on 
both, R-curve shape and initial crack size (a0). Moreover, materials whit a flat R-curve does not 
experience stable subcritical crack growth and the initial crack size is the same as the critical one. 
However, in rising R-curve materials cracks grow stably before reaching the critical size for triggering 
unstable crack extension [71].  
 
Figure 1.9. A schematic representation of crack-growth resistance curves for a material exhibiting a flat 
and a rising R-curve. Image from [71]. 
Two important factors must be contemplated when studying the fracture behaviour of cemented 
carbides. First, failure of hardmetals is intimately related to the propagation of pre-existing flaws. Second, 
they exhibit a marked R-curve behaviour. Therefore, in high-strength materials exhibiting R-curve 
behaviour, critical flaws are longer than processing defects but they are still “short cracks”. Under these 
considerations, multiligament zone does not get fully developed at rupture, and crack-tip resistance 
steady-state level is not reached [65,68]. Within this failure scenario, both R-curve shape and initial 
defect size (a0) significantly influence the effective developed toughness level (Keff) as well as the 
subcritical crack length reached before fracture. Consequently, the strength of cemented carbides is 
notably influenced by the R-curve characteristics and the defect population distribution. 
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1.2.2. Fracture behaviour within the framework of Weibull statistics theory 
As previously commented, fracture behaviour of cemented carbides is of stochastic nature as it 
originates from the propagation of pre-existing defects [15,45,46,74–76]. Therefore, the strength of 
cemented carbides depends on the size, position, orientation and nature of the major flaw and exhibit 
wide scatters, due to the variability associated with defects size probability distribution. Consequently, 
strength is size-dependent as the probability of finding a major flaw increases when rising specimen size. 
Therefore, probabilistic failure mechanics are essential for proper design with this brittle-like material 
[73,77]. Within this context, Weibull statistics are claimed as the suitable approach to rationalize not only 
the rupture strength of hardmetals, but also their strength scatter. The latter is a parameter of enormous 
importance when designing with brittle materials [78].  
This statistical approach is based on the theory of the weakest link, which establishes that the 
component or sample breaks when the weakest element fails. The application of Weibull statistics to 
rupture strength of materials describes the probability of failure (Pf) of specimens of a given volume, V, 
subjected to a homogeneous applied tensile stress state, σapp, to cause fracture according to the expression 
[79]: 









where V0 is a normalising volume, and m and σ0 are the Weibull modulus and characteristic strength, 
respectively. The former describes the strength scatter (i.e. m rises when decreasing the strength scatter), 
and the latter represents the stress state required for having a 63.3% probability of failure. 
According to Weibull distribution standards [80], the range of failure probabilities covered by the 
experimental assessment of the Weibull curve increases with the dimension of the sample (i.e. the number 
of tested specimens). However, due to high specimen’s costs, the number of specimens is usually limited 
and careful attention must be paid when extrapolating strength values to really low probabilities of failure 
and/or to different effective loaded volumes [81]. 
1.3. Fatigue behaviour of cemented carbides 
The great majority of hardmetals applications are subjected to cyclic and repetitive loads; and 
consequently fatigue represents, together with wear and corrosion, one of the principal failure 
mechanisms. In addition, similar to the case of brittle fracture, fatigue failures are generally premature 
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and unexpected. Therefore, they often require of an overall stop of the engineering system, bringing high 
additional costs [82]. Hence, the resistance against fatigue becomes a critical design parameter in the 
majority of cemented carbides applications. From the above information it is clear that an accurate 
description and understanding of the fatigue behaviour of hardmetals is required if the performance of 
engineering parts made of these materials are to be optimized. However, literature devoted to study the 
influence of the microstructure on the fatigue behaviour of cemented carbides is rather scarce and almost 
limited to the straight WC–Co system [82]. 
1.3.1. Strength degradation under the application of cyclic loads 
Fatigue can be defined as a progressive and localized damage that occurs when a material is 
subjected to cyclic loading. It involves initiation and evolution of cracks at loads that are too low to cause 
failure under monotonic loading. The most common method for evaluating the fatigue behaviour of 
structural materials is the applied stress–fatigue life approach (S–N curve), also known as the Whöler plot. 
This curve consists on a graph where the cyclic stress (S) is plotted against the number of cycles to failure 
(N), the latter in a logarithmic scale. This test methodology includes an interesting parameter, the 
endurance limit, which refers to the maximum stress level for specimen survival under a given number of 
cycles. Moreover, if for a given cycling stress state the material has an “infinite fatigue life”, usually in 
the range between 106 to 108 cycles, the endurance limit can be also referred to as the fatigue limit (σf) 
[82,83]. 
The susceptibility of cemented carbides to be degraded under the application of cyclic loads is a 
fact known since 1941 [84]. However, the vast majority of published investigations devoted to study the 
fatigue behaviour of hardmetals are concentrated from the 80s until now [82]. From them, it is 
noteworthy the systematic and extensive investigation reported by Sockel’s group following the S–N 
testing approach (e.g. Figure 1.10a) and complemented with a comprehensive study of fatigue 
micromechanisms based on Scanning Electron Microscopy (SEM) and Transmission Electron 
Microscopy (TEM) [5,85–91]. 
Hardmetals are extremely susceptible to the application of cyclic loads, and fatigue limit values up 
to 30-40% of the corresponding bending strength have been reported [5,85,86,90,91]. This fatigue 
susceptibility is mainly associated with the degradation of the metallic phase [5–7,85,86,89–91]. 
Therefore, a relevant influence of the microstructure on the susceptibility of cemented carbides to strength 
degradation (i.e. fatigue sensitivity) is to be expected.  In fact, binder content and composition are the 
main parameters influencing fatigue response, even though the carbide mean grain size also plays a 
significant role [86,90,91]. Sockel’s group investigated such fatigue susceptibility on the basis of the 
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Whöler plots slope, which is merely indicative of the ratio between the monotonic strength and the fatigue 
limit [5,85,86,90,91]. In such a way, they were able to determine an increase of fatigue sensitivity with 
binder mean free path, as shown in Figure 1.10b [85]. They also discerned a significant influence of the 
binder chemical nature on fatigue sensitivity, concluding that plain Co binder has a higher susceptibility 
to be degraded under cyclic loads than NiCo, FeCoNi and FeNi binders [90,91]. As already pointed out 
by Krawitz and co-workers [7], Co binder fatigue degradation was rationalized on the basis of the 
accumulation of a fatigue-induced fcc to hcp phase transformation [5,90,91]. This deformation 
micromechanism restricts significantly the ductility of the metallic binder, recognized as the main 
toughening phase in cemented carbides [1,2,58,92]. However, the prevalence of this deformation 
mechanism diminishes and/or disappears when replacing cobalt by alternative binders, such as Ni and Fe 
[6,7,90,91]. 
 
Figure 1.10. (a) S–N  curves for a representative hardmetal and cermet grades, and (b) correlation of the 
slope of the S–N plots, as a measurement of fatigue sensitivity, with the mean free path of binder [85]. 
Images from [82]. 
1.3.2. Fatigue crack growth behaviour 
The above described S–N approach is the classic and most widely used method to study the fatigue 
behaviour of structural materials. However fracture mechanics theory also offers an extensively accepted 
framework to evaluate the fatigue response of materials. This approach is based on assessing the number 
of loading cycles required to propagate the largest pre-existing flaw to failure [82]. Thus, it describes the 
fatigue crack growth (FCG) rates as a function of the range (∆K) and/or the maximum (Kmax) stress 
intensity factor. Although the S–N approach is simpler than the fracture mechanics one, the latter offers 
three obvious benefits over the former: (1) it is invariably more conservative, as this theory is defect 
tolerant and considers that the structures are inherently flawed; (2) it enables a quantitative evaluation of 
the damaging effect of flaws or defects within the material; and (3) it provides a rational basis for quality 
control of the product [82,83,93]. Thus, on the basis of the well-established assumption indicating that 
(a) (b)
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subcritical crack growth of pre-existing defects is the controlling stage for fatigue failure in cemented 
carbides [5,85,86], the description of the FCG rates as a function of ∆K and/or Kmax appears as a suitable 
methodology for evaluating the fatigue behaviour of these materials.  




= 𝐶𝐶∆𝐾𝐾𝑚𝑚′ (1.11) 
where da/dN is the crack growth per cycle and C and m’ are microstructurally dependent constants. 
However, contrary to the case of metals alloys having m’ values lying between 2 and 4 [94], cemented 
carbides exhibit FCG rates with an extremely large powder-dependence on ∆K, as indicated by the high 
m’ values within the 10 to 20 range [4,8,95–98]. 
Similar to the extensive investigation on hardmetals fatigue behaviour carried out by Sockel’s 
group following the S–N  approach, a large research program was conducted by Llanes group with the 
purpose of acquiring a deep knowledge on FCG mechanics and mechanisms of cemented carbides 
[4,8,97–99]. Within this context, special effort was devoted to evaluate the influence of the microstructure 
on the relative dominance between the static and cyclic failure modes as well as on the fatigue sensitivity 
of cemented carbides, this parameter being defined for pre-cracked specimens as the ratio between the 
FCG threshold (Kth) and fracture toughness [82]. 
Research program conducted by Llanes’s group elucidated several aspects on the fatigue behaviour 
of cemented carbides, the main being summarized hereafter. First, as already postulated by Fry and Garret 
[96], a predominance of static over dynamic failure modes was evidenced, i.e. FCG rates were found to 
exhibit a higher dependence on Kmax than on ΔK [4,97]. Furthermore, a modified Paris-Erdogan equation 
of type da/dN= CKmaxpΔKq was proposed for assessing the relative dominance of Kmax over ΔK on the 
basis of the p/q ratio. In doing so, a decreasing prevalence of static over dynamic failure modes was 
discerned when increasing the binder mean free path (Figure 1.11) [4,82,97]. Second, a strong 
microstructural influence on fatigue sensitivity of hardmetals, depending on the compromising role 
played by the metallic binder as both toughening and fatigue susceptible agent, was evidenced (Figure 
1.11) [4]. Third, Torres et al. proposed and validated the fatigue crack growth threshold as the effective 
toughness under cyclic loading [97,98]. This was done on the basis of: (1) considering subcritical crack 
growth of pre-existing flaws as the controlling stage for fatigue failure; and (2) assuming that fracture 
behaviour of hardmetals can be successfully rationalized within fracture mechanics framework. 
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Therefore, this methodology allowed correlating FCG and fatigue limits approaches, within an infinite 
life framework. Fourth, in accordance with previous published data [96], mean stress effects (i.e. 
associated with the applied load ratio, r = Kmin/Kmax) on the fatigue limit were discerned [97]. Hence, 
mean stress effects may be described according to a Goodman-like curve whose slope corresponds to the 
fatigue sensitivity under zero mean stress conditions (i.e. r = -1) [97]. 
1  
Figure 1.11. Fatigue sensitivity and p/q ratio evolution as a function of the binder mean free path for 
WC–Co cemented carbides [4]. Image from [82]. 
1.4. Service-like damage in cemented carbides 
Hardmetals are found at the forefront of a wide range of engineering products that operate under 
harsh working conditions. Indeed, cemented carbides are the preferential choice in almost all the 
applications where the best solution to wear, impact, corrosion and thermal shock is sought [12]. 
However, despite their outstanding combination of properties, hardmetals suffer from different in-service 
degradation phenomena that seriously affect the performance and service-life of engineering structural 
parts. Among them, corrosion and thermal shock are two of the principals and are found in a large 
number of applications. The former is found in applications exposed to chemically aggressive media, 
including a wide variety of corrosive environments, such as lubricants, chemical and petrochemical 
products, and mine and sea waters, among others (e.g. Ref. [48,100–102]). Thus, areas of application 
where corrosion resistance is one of the main criteria for the choice of a suitable grade include: wear 
parts, particularly in the oil industry and for submarine applications; tools and die industry; and wood-
machining parts, to name a few [12]. Thermal shock, although receiving less attention than corrosion, is 
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also encountered in several applications. Hence, thermal cracking and thermal fatigue [12,13,82,103,104] 
are recognized as common modes of failure of cemented carbide tools in different applications, such as: 
intermittent cutting [104,105], rock drilling [100] and some wear parts [12]. 
1.4.1. Corrosion behaviour 
In acidic and neutral pH solutions, hardmetal corrosion process consists on a galvanic couple where 
the binder is selectively attacked due to its anodic role [106–108], whereas WC particles are cathodically 
protected [108,109] (Figure 1.12). In addition, due to the larger surface area covered by ceramic 
particles, corrosion in anodic sites gets enhanced [108]. The opposite trend is found in basic solutions, 
where ceramic particles dissolve and the binder phase passivates [110,111]. Corrosion mechanisms in 
cemented carbides are really complex and depend on a large number of factors such as surface state, 
corrosive media, hardmetal microstructure and binder chemical nature. Furthermore, corrosion system is 
in constant evolution due to the continuous changes produced by the cathodic and anodic reactions taking 
place at the surface [108]. 
 
Figure 1.12. Schematic presentation of the reactions taking place on the WC–Co surface. Image from 
[108]. 
Since the metallic binder is the most susceptible phase to corrosion in acidic and neutral media, 
major efforts for improving the corrosion resistance of hardmetals have been focused on mitigating the 
dissolution of the binder phase. Within this context, the total or partial substitution of cobalt binder by 
alternative alloys, which have inherently a higher corrosion-resistance, significantly improves the 
corrosion performance of hardmetals in a large variety of neutral and acidic environments 
[12,106,107,112–114]. Furthermore, alloying the metal binder with small additions of Cr, up to the 
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solubility limit of the binder, dramatically decreases corrosion rates [12,107,109,112,114–116]. In fact, 
Cr3C2 is frequently added in cemented carbides with grain-refining purposes [13,117–119]. During 
sintering, main part of the chromium dissolves into the binder and that results in a beneficial effect 
against corrosion due to the formation of a passivating Cr2O3 film at the binder surface [109,111,116]. 
Similar to chromium carbide, Mo2C is added for inhibiting grain growth and improving the wettability 
between the binder-WC couple [120], but also rises corrosion resistance due to the formation of a 
MoO3 layer that enhances pitting corrosion resistance [121]. 
The potential of the system plays a critical role in defining corrosion mechanisms of cemented 
carbides. In acidic and neutral solutions, at low potentials the binder phase dissolves while the WC grains 
remain catholically protected [108,122]. Anodic polarization curve exhibits a pseudopassive region at 
intermediate potentials, due to the formation of a non-adhered layer at the surface consisting of corrosion 
products that difficult the diffusion of cobalt ion [113,123]. In the third region, corresponding to high 
applied potentials, the WC phase is oxidized [106–109,113,123] and a surface WO3 layer is formed 
[113,123]. Further, during the anodic polarization, Co dissolves and forms an inner CoO layer and a 
Co3-xO4 outer layer, whose composition depends on the pH and passivation potential [113]. An example 
consisting of two polarization curves measured for two different WC–Co cemented carbides is shown in 
Figure 1.13 [122].  
 
Figure 1.13. Examples of full polarization scans measured for WC–6Co%wt. (square) and WC–
16.5Co%wt. (circles) cemented carbides. Image from [122]. 
In-service performance of cemented carbides is not only dependent on their intrinsic mechanical 
properties but also is highly influenced by their resistance to the aggressive medium to which are 
exposed. Within this context, corrosion attack exposes WC grains, resulting in a noticeable increase of 
wear rates. Accordingly, several studies have been focused on studying the synergic effects between 
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erosion/abrasion and corrosion on the wear rates of cemented carbides (e.g. Ref. [110,124–126]). 
Furthermore, corrosion damage may also induce a detrimental effect on the fracture strength and fatigue 
resistance of hardmetals, promoting a premature and un-expected failure [48,82,102,127]. However, to 
the best knowledge of the authors, only two studies have been addressed to correlate strength reduction 
and corrosion damage in cemented carbides. Both of them pointed out relevant strength degradation due 
to the stress raising effects produced by localized corrosion damage in the form of pits [48,102]. Thus, 
from a structural integrity perspective, it is essential to understand the detrimental impact that corrosion 
damage may induce in the performance of cemented carbides components.  
1.4.2. Thermal shock resistance 
Despite the exceptional thermal conductivity and excellent fracture toughness of hardmetals in 
comparison with ceramic materials, WC–Co cemented carbides are sensitive to thermal shock due to its 
brittle-like nature behaviour [128,129]. Thus, sudden temperature changes may result in the apparition of 
subcritical microcracks or even in the catastrophic failure of the structural component. However, studies 
devoted to investigate the thermal shock resistance of hardmetals are relatively scarce [128–134], and 
only a few of them correlate induced damage by thermal shock with resulting remnant properties 
[128,130]. 
The measurement of the retained strength after a quench test is the most widely used method for 
evaluating thermal shock resistance of ceramics. The test consists in determining the critical thermal 
shock temperature differential (ΔTc) above which the residual strength is reduced up to values of 70% the 
average strength measured at room temperature [135]. Within this context, when the microstructure plays 
a critical role in defining thermal shock resistance, Hasselman theory is frequently invoked to rationalize 
thermal shock behaviour. This theory consists of several parameters (i.e. R parameters) defining the 
resistance of the material to either crack initiation or propagation due to thermal shock [136–139]. First 
Hasselman thermal shock parameter (i.e. the R parameter) was described by Kingery [137] in the middle 
50’s. However, it was not until a few years afterwards that Hasselman introduced the R’’’’ parameter  
[138], and later on he proposed the unified thermal shock theory [139]. First Hasselman parameter is 
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where ν is the Poisson ratio, E is the elastic modulus and αCTE is the coefficient of thermal expansion. 
However, in the case of a poor surface heat transfer, the heat conductivity (λ) must be also considered. It 





On the other hand, the R’’’’ parameter describes the condition necessary for the propagation of 










Within this framework, Mai successfully rationalized thermal shock behaviour of cemented 
carbides according to resistance parameters extracted from Hasselman’s theory for two tool carbides 
[128]. In doing so, he suggested that the resistance to degradation of carbide tools under thermal shock 
can be described and correlated according to two different parameters: λσr/Eα for crack initiation and 
(KIc/σf)2 for crack propagation. 
In addition to material properties and the critical temperature difference, there are several factors 
that have a relevant influence on the performance of a body subjected to thermal shock. Buessem 
proposed a classification of these factors in three groups defining different issues [136]: (1) thermal shock 
conditions; (2) geometry of the solid body; and (3) material properties. The first group includes 
temperature difference and heat transfer coefficient. The second one considers size and shape of the body. 
Finally, the third group accounts for coefficient of thermal expansion, elastic properties, fracture strength 
and fracture toughness [136,137]. The shape of the body is an extremely important aspect in determining 
the critical temperature difference. In general, it is recommended to avoid corners and edges, since they 
can act as thermal stress concentrators [137]. Hence, the critical temperature difference to crack a 
specimen can be defined as the crack initiation resistance parameter, either R or R’, multiplied by a shape 
factor (S’) (i.e. ΔTc = R·S’ or ΔTc = R’·S’) [137]. 
From a physical viewpoint, thermal shock damage in cemented carbides principally proceeds 
through the nucleation of microcracks at the carbide/binder interface which tend to propagate avoiding 
the hard phase [131,132,134]. This is due to the large difference between coefficients of thermal 
expansion of WC and Co phases as well as to the high elastic modulus of the composite material. Thus, 
severe temperature changes generate significant large thermal stresses that may induce the formation of 
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microcracks at the carbide/binder interface [131,132]. Maximum cooling tensile stresses are concentrated 
at the surface [133,140], and the magnitude of these induced stresses is a direct function of: coefficient of 
thermal expansion, elastic modulus and temperature difference [133].  
1.5. Focused Ion Beam system 
The commercial use of FIB systems started about 30 years ago for their use in the microelectronics 
industry, but it was not until the early 90s that become popular in a broader range of Material Science 
topics [141]. When equipped with an additional SEM column, it can be used for a large number of 
applications including TEM foils preparation, micromachining of specimens, cross-section milling, atom 
probe post preparation, and 3D FIB/FESEM tomography [141]. 
The operation principle of the FIB microscope consists of sputtering atoms onto a target material, 
with a high energetic gallium ion beam. The ions are generated from a Ga liquid metal ion source 
composed of a Ga reservoir mounted above of a tungsten needle. Ga source is heated up to its melting 
point and then it flows to the tip of the needle. An intense electric field is produced at the source tip that 
ionizes the gallium, draws the liquid metal into the fine tip, of about 2-5 nm in diameter, and extract ions 
from that narrow tip. The Ga ions are accelerated down the column in an electrical field of about 30 KeV 
and sputtered over the region of interest [141,142]. Initial FIB systems were equipped with a single beam 
that was used for both imaging and preparing microstructural cross-sections. However, this system had 
several limitations and nowadays a great number of FIB systems are equipped with an additional SEM 
column, which allows an improved flexibility by using the FIB column preferentially to cross-section and 
the SEM one to image [141]. 
1.5.1. 3D FIB/FESEM Tomography 
Tomography is a method to obtain a three-dimensional (3D) image of the internal structures of a 
solid object through the reconstruction of ‘slices’ (i.e. a tomographic image) of sequential cross sections. 
This technique is used in a large number of sciences, such as medicine, biology and archaeology, besides 
materials science. In recent years, this technique has received an increasing interest for the 
characterization of materials, as it allows acquiring and analysing a large amount of microstructural data 
that cannot be gathered using 2D imaging. Specifically, 3D tomography is really useful for studying 
spatial distribution of phases, real feature shapes and sizes and feature connectivity [141]. Furthermore, 
generated data can be exported to finite element analysis software’s to simulate real microstructures. 
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There exist several methods to generate 3D visualization currently used in material science, such as 
serial sectioning, X-ray tomography, TEM-based tomography and atom probe tomography [141]. The 
selection of the proper method depends on the desired spatial resolution and on the sample length scale 
[143]. The tomographic technique of interest for this thesis consists of the combined use of focused ion 
beam and field emission scanning electron microscopy techniques for reconstructing 3D volumes (i.e. 
FIB/FESEM tomography).  
FIB-based tomography is the appropriate technique to reconstruct volumes of several microns per 
slide with submicron resolution. It has the advantage of requiring little sample preparation and a wide 
range of materials can be employed. Generally the first step is to deposit a metal layer over the surface of 
interest, normally platinum-based or tungsten-based, to protect it from damage during subsequent milling 
and imaging, and also to minimize ‘curtaining’ effects. The next step consists of sputtering a trench 
normal to the surface of the sample adjacent to the area of interest. Once the cross-section is prepared, 
thin serial sections can be sputtered by FIB and subsequently imaged with the SEM. The process is 
repeated several times until the volume of interest has been milled and imaged. General stack of images 
contains between 100 and 300 micrographs that are finally aligned and treated for the 3D reconstruction. 
This process is generally performed using a commercial software package, and can be tedious depending 
on the time required to process and correct the images [141,142]. Once the 3D volume is reconstructed, 
software packages allow visualizing particular cross-sections in different orientations and to obtain and 
analyse a large amount of data on the reconstructed bulk [141].  
 
  




Aims and scope of the work 
 
As previously commented, the industry of cemented carbides is immersed in a highly dynamic and 
competitive marked, continuously seeking for more efficient products. In addition, there is a major 
interest in replacing W and Co because they are classified as critical materials for the “industrial world”, 
as well as due to the healthy issues related to Co powder [17]. Given this situation, a higher degree of 
expertise is demanded for the development and suitable design of new hardmetal products with improved 
performance, increased reliability and longer working-life. Thus, it is indispensable to acquire a deep 
understanding of service degradation phenomena in cemented carbides in order to discern the key 
microstructural aspects to consider for improving their behaviour. Within this context, the main target of 
this Ph.D. thesis is to improve the performance and enhance the reliability of cemented carbides 
tools and components in rupture-limited applications, on the basis of improved damage tolerance 
and reduced fatigue sensitivity through an optimal microstructural design. 
Following the above ideas, and taking into account that rupture-limited applications include cases 
associated with variable combinations of stress state and operating environments, the objectives of this 
thesis include the evaluation, analysis and understanding of microstructural effects on the fracture and 
fatigue behaviour of cemented carbides, as well as the assessment of the evolution of microstructure-
property-performance interrelations of these materials when damage is induced during service, either by 
localised corrosion or thermal shock. 
2.1. Fracture behaviour of cemented carbides 
A higher relevance of fracture toughness is required in order to increase damage tolerance and 
reliability of cemented carbides. Main goal behind that is to diminish the sensitivity of these materials to 
critical flaw size [3]. Main toughening mechanism in hardmetals derives from plastic stretching of crack-
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bridging ductile enclaves at the crack wake [1,2,59,61]. Hence, hardmetals exhibit a rising crack growth 
resistance (R-curve) behaviour related to the development of an effective multiligament zone [67,68]. In 
this regard, damage tolerance capability is intimately related to development of such R-curve behaviour, 
which is dependent upon the width and strength of the metallic bridges; and therefore, on the 
microstructural characteristics. Within this framework, the first objective of this Ph.D. thesis is to 
document and analyse the toughening phenomenon in cemented carbides as the main foundation 
for understanding their fracture mechanisms, with the purpose of proposing a model for the 
description of their R-curve behaviour. As mentioned above, R-curve characteristics, which are 
strongly influenced by the microstructure, greatly impact the strength and reliability of hardmetals. 
Accordingly, the second objective is to assess microstructural effects on the R-curve behaviour of 
hardmetals and to evaluate the implications of the crack-bridging toughening mechanism on the 
strength and reliability of these materials. Both, the constrained binder and the WC/Co interface, play 
a major role in defining effective toughening in cemented carbides. Within this context, it is also the 
purpose of this thesis to assess the deformation mechanisms and failure strength of the constrained 
ligaments and their interface through compression of micropillars consisting of Co-binder 
ligaments constrained by their surrounding WC carbides.  
2.2. Fatigue mechanics and mechanisms of cemented carbides 
Although fatigue is recognized to play an active and relevant role as a service degradation 
mechanism in most of cemented carbides applications, literature surveys devoted to investigate the 
influence of the microstructure on the fatigue behaviour are relatively scarce and mainly focused to Co-
base cemented carbides [82]. Fatigue damage is principally associated with mechanisms occurring in the 
metallic binder phase and mainly consists of preventing the formation of ductile enclaves at the crack 
wake [4]. Thus, opposite to fracture toughness, fatigue threshold values are rather independent on the 
binder content and therefore, straight WC–Co grades exhibit increasing fatigue sensitive as binder content 
rises [4,91]. Fatigue damage accumulation in the cobalt binder is speculated on the basis of a martensitic 
transformation from the fcc to the hcp phase as a consequence of high induced stresses and strains [5]. 
However, fatigue-induced damage mechanisms shift from the fcc to hcp phase transformation to slip and 
twinning when modifying the binder chemical nature from cobalt to nickel; raising then queries on the 
effective fatigue susceptibility of binders with distinct chemical nature [6,7]. Therefore, based on the 
above comments and on the manifest interest of replacing cobalt by alternative binders [17], it is one of 
the objectives of this thesis to investigate and understand the fatigue mechanics and mechanisms of 
cemented carbides consisting of binders with non-transforming deformation mechanisms. 
On the other hand, crack-deflection is an additional operative toughening mechanism in cemented 
carbides. However, opposite to crack-bridging toughening mechanism, it is immune to fatigue loads [8]. 
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Therefore, lower fatigue sensitive levels are expected for hardmetals exhibiting high crack-deflection 
toughness enhancement. In this sense, coarse microstructures are envisaged to possess a more effective 
action of this toughening mechanism. Within the above framework, it is also the purpose of this doctoral 
thesis to evaluate the influence of the carbide mean grain size on the crack-deflection toughening 
mechanism in cemented carbides. 
2.3. Damage tolerance of cemented carbides under service-like conditions: 
corrosion and thermal shock 
A large portion of hardmetal research is devoted to evaluate and analyse microstructure-property 
relations. However, although it is a valid approach, it is strongly convenient for hardmetal industry to 
move one step further towards the evaluation of how these microstructure-property relations evolve 
through the service-life of hardmetal tools and components. In this regard, a change of perspective in the 
direction of understanding the microstructure-property-performance interrelations in cemented carbides 
would certainly enable major advances. In this sense, a successful approach was presented by Góez et al. 
[50] on the basis of the assessment of the residual strength of hardmetals after the inducement of 
controlled damage by means of spherical indentation (i.e. Hertzian contact). Following these ideas, this 
thesis aims to investigate the relevance of the microstructure in the tolerance of cemented carbides to 
damage induced by localised corrosion or thermal shock. These two service degradation phenomena are 
found in a large number of cemented carbide applications [12]. Thus, a final goal of this thesis is to 
conduct a systematic study on the influence of the microstructure on the tolerance of cemented 
carbides to damage-related features induced either by localised corrosion or thermal shock. In both 
cases, toughness and R-curve characteristics are assumed to be dominant properties for enhanced 
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The experimental details of each part of this thesis are presented in the respective articles. 
Nonetheless, some additional details are provided in this chapter for easier follow-up. Concretely, the 
nomenclature and the experimental process followed to measure the microstructural parameters and the 
“basic” mechanical properties of all cemented carbide grades studied and presented in the thesis are 
summarized below. Furthermore, experimental details on the 3D FIB/FESEM reconstruction process are 
also given.  
3.1. Materials: nomenclature and microstructural characterization 
In this Ph.D. thesis a total of 14 different hardmetal grades are investigated. All materials are 
experimental grades supplied by Sandvik Hyperion. In order to select a criterion enabling a fast and easy 
recognition of the microstructural characteristics, a nomenclature consisting of three different indexes is 
proposed. The first index is composed by one or two digits that represent the binder weight content. The 
second one refers to the chemical nature of the binder (i.e. Co, Ni or CoNi). Finally, the third index is 
associated with the mean grain size of the carbide phase: UF for ultrafine, F for fine, M for medium and C 
for coarse. Please note that in some articles if the grade is composed by plain Co, the second index is not 
explicitly indicated.  
The main microstructural parameters used in this investigation include: binder weight content 
(Vwtbinder), binder composition, carbide mean grain size (dWC), carbide contiguity (CWC) and binder mean 
free path (λbinder). Binder content values refer to the nominal composition, as given by the supplier. 
Carbide mean grain size is measured following the linear intercept method in FESEM micrographs 
acquired using a Jeol JSM-7001F unit [144]. Prior to the acquisition of the micrographs, samples were 
mounted in Bakelite, then ground and diamond polished up to mirror-like surface finish following a 6, 3 
and 1 μm sequence, with a final colloidal silica stage. The magnification of the micrographs was selected 
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so that they contained around twenty carbides in the horizontal direction. Furthermore, in order to reduce 
grain size uncertainty, at least 400 grains were measured for each investigated hardmetal grade. On the 
other hand, two-phase parameters, CWC and λbinder, were estimated from best-fit empirical equations given 
in literature [10,42,145]. Nomenclature and key microstructural parameters for the hardmetal grades 














3CoUF Co Cr3C2 3 0.37 ± 0.22 0.74 ± 0.04 0.09 ± 0.05 
6CoUF Co Cr3C2 6 0.40 ± 0.21 0.61 ± 0.12 0.12 ± 0.06 
10CoUF Co Cr3C2 10 0.39 ± 0.19 0.46 ± 0.06 0.16 ± 0.06 
11CoM Co Cr3C2 11 1.12 ± 0.71 0.38 ± 0.07 0.42 ± 0.28 
10CoC Co - 10 2.33 ± 1.38 0.31 ± 0.11 0.68 ± 0.48 
15CoUF Co Cr3C2 15 0.47 ± 0.22 0.36 ± 0.02 0.24 ± 0.11 
15CoM Co - 15 1.15 ± 0.92 0.30 ± 0.07 0.55 ± 0.46 
15CoC Co - 15 1.70 ± 1.08 0.27 ± 0.07 0.77 ± 0.54 
22CoM Co - 22 1.64 ± 0.75 0.19 ± 0.04 1.13 ± 0.56 
9NiF Ni Cr3C2 9 0.83 ± 0.49 0.44 ± 0.08 0.29 ± 0.18 
10CoNiM 8%wt.Co - 2%wt.Ni - 10 1.04 ± 0.83 0.41 ± 0.08 0.36 ± 0.29 
10CoNiC 8%wt.Co - 2%wt.Ni - 10 1.44 ± 0.86 0.38 ± 0.08 0.47 ± 0.30 
15CoNiM 12%wt.Co - 3%wt.Ni - 15 1.26 ± 0.81 0.29 ± 0.06 0.60 ± 0.40 
15CoNiC 12%wt.Co - 3%wt.Ni - 15 1.50 ± 1.00 0.28 ± 0.07 0.68 ± 0.49 
Table 3.1. Specimen code, binder composition, additives, binder content, carbide mean grain size, 
carbide contiguity and binder mean free path for the investigated cemented carbides. 
3.2. Mechanical characterization 
Mechanical characterization includes the assessment of hardness (HV30), flexural strength (σr), 
Weibull characteristic strength (σ0) and modulus (m), and fracture toughness (KIc). Hardness was 
measured using a Vickers diamond pyramidal indenter and applying a load of 294 N. In all the others 
cases, testing was conducted using a four-point bending fully articulated test jig, with inner and outer 
spans of 20 and 40 mm, respectively. Flexural strength tests were performed on an Instron 8511 
servohydraulic machine at load rates of 100 N/s [146]. Bars of 45 mm x 3 mm x 4 mm (i.e. length x 
thickness x width) dimensions were used as tested specimens, and the number of specimens broken varied 
between 10 and 15 per grade. The surface subjected to the maximum tensile loads was polished to mirror-
like finish and the edges were chamfered to reduce their effect as stress raisers. Flexural strength results 
were analysed using Weibull statistics and the Weibull characteristics strength and modulus assessed 
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[80]. Fracture toughness was determined using 45 mm x 5 mm x 10 mm single edge pre-cracked beam 
(SEPB) specimens following the procedure proposed by Torres et al. [147]. In doing so, a notch was 
introduced by electrical discharge machining (EDM) up to a length-to-specimen width ratio of 0.3, and a 
sharp crack was generated from the notch tip by subjecting the specimens to cyclic compressive loads. 
Then, the crack was propagated by applying tensile cyclic loads until reaching a crack length-to-specimen 
width ratio of about 0.5. The sides of SEPB specimens were polished to follow stable crack growth using 
a high-resolution laser scanning confocal microscopy. Fracture toughness was determined by testing 
SEPB specimens to failure at stress-intensity factor load rates of about 2 MPa·m1/2/s. At least five samples 
were tested per studied hardmetal grade [148]. Determined mechanical properties for the investigated 













3CoUF 18.9 ± 0.8 2214 ± 313 2351 8 7.3 ± 0.7 
6CoUF 16.9 ± 0.2 3287 ± 473 3506 7 8.4 ± 0.3 
10CoUF 15.7 ± 0.6 3422 ± 512 3598 11 10.4 ± 0.3 
11CoM 12.8 ± 0.2 3101 ± 102 3149 36 13.9 ± 0.3 
10CoC 11.4 ± 0.2 2489 ± 85 2522 35 15.8 ± 0.3 
15CoUF 13.2 ± 0.1 3869 ± 109 3919 42 11.3 ± 0.6 
15CoM 11.2 ± 0.1 2912 ± 88 2912 39 15.2 ± 0.4 
15CoC 10.2 ± 0.1 2570 ± 54 2570 54 17.0  ± 0.2 
22CoM 7.7 ± 0.1 2431 ± 124 2487 24 19.4 ± 1.4 
9NiF 13.2 ± 0.2 3080 ± 210 3175 17 11.5 ± 0.2 
10CoNiM 12.3 ± 0.1 2720 ± 198 2823 23 14.2 ± 0.4 
10CoNiC 11.6 ± 0.1 2534 ± 94 2576 32 15.3 ± 0.3 
15CoNiM 10.2 ± 0.1 2634 ± 101 2814 33 15.8 ± 0.4 
15CoNiC 9.45 ± 0.1 2716 ± 101 2726 31 17.3 ± 0.4 
Table 3.2. Hardness, flexural strength, Weibull characteristic strength, Weibull modulus and fracture 
toughness values for the investigated cemented carbides. 
3.3. 3D FIB/FESEM Tomography 
Throughout this thesis several 3D FIB/FESEM tomographic reconstructions of different damage-
related features in cemented carbides are presented. In particular, this technique is implemented to 
characterize fracture and fatigue phenomena and corrosion process in hardmetals. Within this context, an 
explanation of the followed process is detailed hereafter.  
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The first step consists of selecting the region of interest with dimensions of about 15 µm x 15 µm 
for the tomographic reconstruction. Before ion milling, a platinum thin protective layer was deposited 
over the surface of interest to reduce milling damage and to avoid “curtaining” effects. This undesirable 
effect is very common when milling materials containing several phases, especially when having pores or 
void regions such as cracks. Two mark lines were milled, having an angle of 45º between them and 
sharing one contact point at one of the square vertices of the platinum layer, in order to facilitate further 
alignment of the micrographs. Subsequently, a U-shaped trench with one cross-sectional surface 
(perpendicular to specimen surface) was sputtered by FIB. Normally high currents in the nA range are 
used in this step to reduce milling times. Next step consists of the combined use of FIB and FESEM 
systems to serial sectioning and imaging the surface of interest. At this stage much lower currents were 
operated (i.e. in the range of pA) with the purpose of obtaining well-polished surfaces and to lessen 
redeposition. Sections of about 20 nm in width were milled and more than 500 images were recorded per 
tomography. 
Once micrographs of interest are gathered, next step consists of carrying out the 3D reconstruction 
of the volume of interest. Aiming to do so, the commercial software Avizo® was used in this 
investigation. First, the images were aligned using the line marks on the top of the micrographs (coming 
from the ones milled in the platinum layer). Then, the region of interest was selected and cropped. 
Subsequently, a series of image filters were applied to the images, in order to differentiate grey levels 
associated with each phase. In some cases, particularly when having curtaining effects, this process was 










This Ph.D. thesis is divided in three sections covering: (1) fracture and (2) fatigue behaviour of 
hardmetals, and (3) tolerance of these materials to damage-related features, induced either by thermal 
shock or corrosion. First section consists of four published articles, referred to as Articles I, II, III and 
IV. The second chapter is composed of two additional papers, Articles V and VI. Finally, the third part 
contains two papers, Articles VII and VIII. An additional contribution to the third section is included in 
Annex I. The contribution made by the author of this thesis to these papers is detailed in Table 4.1. 






and analysis Writing 
I S.R. P.R. P.R. S.R. P.R. P.R. 
II P.R. P.R. S.R. N/A P.R. P.R. 
III P.R. P.R. P.R. N/A P.R. P.R. 
IV P.R. P.R. P.R. N/A P.R. P.R. 
V S.R. P.R. P.R. N/A P.R. P.R. 
VI P.R. P.R. P.R. N/A P.R. P.R. 
VII S.R. P.R. S.R. S.R. P.R. P.R. 
VIII P.R. P.R. P.R. N/A P.R. P.R. 
Table 4.1. Contribution statement of the author to the appended papers. Note that P.R. refers to “principal 
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4.1. Fracture behaviour of cemented carbides 
The primary objective of this section is the acquisition of a deep knowledge of the fracture 
mechanics and mechanisms in cemented carbides. Main outcome of this study is to discern the critical 
role played by the microstructure in defining the fracture strength and reliability of these materials. In 
doing so, special attention is devoted to reveal key microstructural features of cemented carbides for 
optimizing their fracture behaviour by means of enhanced crack growth resistance (R-curve) behaviour. 
This section is composed of four published articles. 
Article I carries out a comprehensive study of the toughening and fatigue micromechanisms 
operative in WC–Co hardmetals when subjected to monotonic (toughness) and cyclic (fatigue) loading 
conditions. Here, crack-microstructure interactions at the crack-tip of stably grown and arrested cracks, 
propagated under the application of monotonic and cyclic loads, are analysed by means of 3D 
FIB/FESEM serial sectioning and imaging technique. Following the above investigation, main purpose of 
Article II is to bring new insights on mechanical deformation and failure behaviour of hardmetals 
through the compression of micropillars consisting of Co-binder ligaments constrained by their 
surrounding WC carbides. In this study particular focus is placed on documenting and analysing 
deformation mechanisms and failure strength of the ductile binder (i.e. yield strength and constraining 
degree of the soft phase) and the WC/Co interface, as key features for determining effective toughening in 
cemented carbides. On the other hand, in Article III the micrographs gathered in Article I of crack–
microstructure interaction in cracks arrested after stable extension under monotonic loading (i.e. 
multiligament zone) are analytically assessed, and a model for the description of R-curve behaviour of 
hardmetals is proposed. Finally, Article IV evaluates the influence of microstructure on the R-curve 
behaviour of cemented carbides; and in turn, addresses the impact of R-curve characteristics on the 
strength and reliability of these materials. 
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Article I. Fracture and fatigue behavior of cemented carbides: 3D Focused Ion 
Beam Tomography of crack-microstructure interactions 
Reference: J.M. Tarragó, E. Jimenez-Piqué, M. Turón-Viñas, L. Rivero, I. Al-Dawery, L. 
Schneider, L. Llanes, Int. J. Powder Metall. 50 (2014) 1–10. “Best paper award in the 2014 World 
Tungsten, Refractory & Hardmaterials Conference” 
This work provides a significant contribution to the understanding of fracture and fatigue failure 
processes in cemented carbides. It includes a 3D characterization of crack-microstructure interaction in 
the process zone (i.e. crack-tip) of stably propagated and arrested cracks, under the application of 
monotonic and cyclic loads. This investigation stands out the critical role played by the constrained 
binder as both the toughening and fatigue susceptible agent. Hence, unequivocal proof of the 
multiligament zone as main foundation for understanding toughness and R-curve behaviour in cemented 
carbides is provided.  In addition, clear evidence of fracture and fatigue mechanisms within the binder 
metallic phase are given, and the differences between both failure mechanisms are analysed and 
discussed. 
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Article II. Mechanical deformation of WC–Co composite micropillars under 
uniaxial compression 
Reference: J.M. Tarragó, J.J. Roa, E. Jiménez-Piqué, E. Keown, J. Fair, L. Llanes, Int. J. Refract. 
Met. Hard Mater. 54 (2016) 70–74. 
The effective strength and ductility of the constrained binder together with the interface properties 
between carbide and binder are critical features for rationalizing microstructural effects on toughening 
and fatigue sensitivity of cemented carbides. Within this context, the compression behaviour of 
micropillars consisting of a binder ligament constrained by the surrounding carbides is assessed, with the 
purpose of gaining a deeper understanding of such features. In doing so, micropillars are machined using 
FIB milling and uniaxially compressed ex-situ using a nanoindenter equipped with a diamond flat punch. 
Following the compression tests, deformation and failure micromechanisms are examined by FESEM and 
FIB cross-sectioning. Experimental results indicate that boundaries between either carbide and binder or 
carbide crystals are preferential sites for irreversible deformation and failure phenomena. Moreover, 
plasticity is mostly evidenced within the softer metallic binder in the regions adjacent to carbide-binder 
interface, where maximum triaxiality stress conditions prevail. Stress-strain curves are analysed and 
several strain bursts are evidenced at different stress levels, revealing different damage mechanisms on 
the basis of different crystal orientation and local phase assemblage. Furthermore, this investigation 
provides a new insight into the microstructural design of ductile metal reinforced ceramic-base 
composites, on the basis of micropillar compression tests as a valid and effective experimental procedure 
for the evaluation of mechanical response of these materials at the microscopic level.  
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Article III. FIB/FESEM experimental and analytical assessment of R-curve 
behavior of WC–Co cemented carbides 
Reference: J.M. Tarragó, E. Jiménez-Piqué, L. Schneider, D. Casellas, Y. Torres, L. Llanes, Mater. 
Sci. Eng. A 645 (2015) 142–149. 
The principal objectives of this work are to analyse the toughening mechanics and mechanisms of 
cemented carbides and to propose a model for the description of their R-curve behaviour. In doing so, the 
R-curve behaviour of a WC–11%wt.Co cemented carbide is assessed by critical analysis of the 
FIB/FESEM micrographs gathered in Article I, containing evidence of crack-microstructure interaction 
at the wake of stably grown cracks under monotonic loading. Experimental results point out that 
cemented carbides exhibit a steep but short R-curve behaviour, due to the large stresses supported by the 
highly constrained and strongly bonded bridging ligaments. Relevant strength and reliability 
enhancements can be attributed to this toughening scenario. 
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Article VI. Microstructural effects on the R-curve behavior of WC–Co cemented 
carbides 
Reference: J.M. Tarragó, D. Coureaux, Y. Torres, D. Casellas, I. Al-Dawery, L. Schneider and L. 
Llanes, Microstructural effects on the R-curve behavior of WC–Co cemented carbides, Mater. Des. 97 
(2016) 492–501. 
This article addresses an investigation on the microstructural effects on the R-curve characteristics 
of cemented carbides. Special attention is paid to evaluate the influence of the crack-bridging mechanism 
on the strength and reliability of hardmetals. To this end, the model proposed in Article III for R-curve 
description is implemented for rationalizing the fracture behaviour of WC–Co cemented carbides with 
different microstructural arrangements. Strength and reliability enhancements are discussed on the basis 
of the effective developed toughness and the subcritical crack extension reached before unstable growth is 
triggered. Both phenomena are considered to be dependent on microstructural length scale and initial flaw 
size. 
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4.2. Fatigue mechanics and mechanisms in cemented carbides 
The vast majority of hardmetal tools and components are subjected to repeated loads, and fatigue is 
recognized as one of the most common failure mechanism in their industrial application [82]. Due to its 
metallic nature, the binder is the principal fatigue susceptible agent in hardmetals and fatigue 
phenomenon is mainly based on the inhibition or degradation of the crack-bridging toughening 
mechanism. Therefore, fatigue response of hardmetals is highly sensitive to their microstructural 
characteristics, especially to the binder content and chemical nature. Within this context, this chapter 
covers to main topics: (1) acquisition of a deeper knowledge on the fatigue micromechanisms of 
hardmetals (Article I) and, (2) evaluation of the influence of the microstructure, including the binder 
chemical nature and carbide mean grain size, on the FCG behaviour and fatigue sensitivity of cemented 
carbides (Articles V and VI).  
As explained previously, Article I is addressed to investigate the toughening and fatigue 
micromechanisms of cemented carbides through the implementation of the 3D FIB/FESEM tomographic 
technique. On the other hand, Articles V and VI are focused to study the fatigue mechanics and 
mechanisms of hardmetals with Ni-containing binders, and to compare them with respect to WC–Co 
hardmetals. Indeed, hardmetal producers are devoting great efforts in replacing Co binder by alternative 
binders [17]. Main reasons behind such trend include: (1) health issues related with cobalt powder 
[19,20], (2) high and fluctuating prices of Co due to its scarcity related to the difficult access to the ore 
mines, and (3) intention of improving the performance of cemented carbides under certain harsh work 
conditions such as corrosive environments. Among possible Co substitutes, nickel has received the most 
attention as an alternative binder because of its similarity in structure and properties, besides its good 
corrosion resistance. Article V includes a detailed study of the fatigue behaviour of a fine grain-sized 
WC–Ni cemented carbide, and results are compared to that expected for a WC–Co hardmetal with alike 
microstructural parameters. On the other hand, Article VI consists of a systematic study on the influence 
of the mean carbide grain size and the binder chemical nature (i.e. Co vs. CoNi) on the FCG behaviour of 
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Article V. Mechanics and mechanisms of fatigue in a WC–Ni hardmetal and a 
comparative study with respect to WC–Co hardmetals 
Reference:  J.M. Tarragó, C. Ferrari, B. Reig, D. Coureaux, L. Schneider, L. Llanes, Mechanics 
and mechanisms of fatigue in a WC–Ni hardmetal and a comparative study with respect to WC–Co 
hardmetals, Int. J. Fatigue. 70 (2015) 252–257. 
As mentioned in the introduction, fatigue degradation of Co-base cemented carbides has been 
frequently rationalized on the basis of a cyclic-induced accumulation phase transformation within the Co 
binder [5,90,91]. It raises then queries on the effective fatigue susceptibility of binders with distinct 
chemical nature (e.g. Ni-containing ones). Accordingly, in this paper the fatigue behaviour of a WC–Ni 
hardmetal consisting of a binder with non-transforming deformation mechanisms (i.e. slip and twinning 
[6,7]) is evaluated. In doing so, the FCG behaviour and fatigue life limit (stair-case method) values are 
assessed. Fatigue sensitivity is also addressed and found to be similar to that speculated for a Co based 
grade with similar microstructural characteristics. Up to the knowledge of the authors, this is the first 
paper on the open literature about fatigue strength and fatigue crack growth behaviour of WC–Ni 
cemented carbides. This investigation also includes a detailed inspection of fatigue micromechanisms 
within the binder, where step-like crystallographic features similar to that evidenced in WC–Co 
hardmetals are discerned. Such fatigue failure mode is postulated to be a direct consequence of 
comparable size length scales of microstructure and cyclic plastic zone in front of the crack-tip. Hence, 
the finding of both similar fatigue fractographic faceted features and fatigue sensitivity for Ni- and Co-
base hardmetals call into question the speculated role played by the fcc to hcp martensitic phase 
transformation as a critical fatigue micromechanism in Co-base hardmetals.  
  
Damage tolerance of cemented carbides under service-like conditions 43 
 
Article VI. Fracture and fatigue behavior of WC–Co and WC–CoNi cemented 
carbides 
Reference: J.M. Tarragó, J.J. Roa, V. Valle, J.M. Marshall, L. Llanes, Fracture and fatigue 
behavior of WC–Co and WC–CoNi cemented carbides, Int. J. Refract. Met. Hard Mater. 49 (2015) 184–
191. 
The main purpose of this work is to evaluate the fatigue behaviour of Ni-containing binder 
hardmetals (concretely 74 %wt. Co and 26 %wt. Ni), and to compare such behaviour with the one exhibited 
by cemented carbides containing plain Co as a binder. Furthermore, in this paper the influence of the 
binder content and the carbide mean grain size on the fatigue response is assessed. Therefore, the 
experimental protocol followed in this investigation is broadly equivalent to that pursued in Article V. 
Results indicate a negligible influence of the binder chemical nature on the FCG behaviour and fatigue 
sensitivity of studied cemented carbides. On the other hand, the FCG threshold is found to linearly 
increase when rising carbide mean grain size, due to a more effective action of the crack-deflection 
mechanism. Similar faceted fatigue features were evidenced for Co and CoNi binders.  
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4.3. Structural integrity of cemented carbides subjected to service-like damage: 
corrosion and thermal shock 
As previously commented, cemented carbides tools and components suffer from several damage-
related features induced during service, such as occasional hard body impacts, contact-related 
degradation, thermal shock or corrosion. Such damage, when combined with the high monotonic and 
cyclic loads to which engineering parts are generally subjected, limits the service life and may induce 
premature and unexpected failures. Generally, in-service real degradation is not merely associated with a 
unique type of damage, but rather consists on a synergic action among several types of them. However, in 
order to understand the real operational degradation conditions, it is first necessary to isolate individual 
elements and to acquire a deep knowledge on the effective action of each one of them. Within this 
context, the main purpose of this chapter is to study the corrosion and thermal shock damage related 
features in cemented carbides, and to evaluate the critical role played by the microstructure in tolerating 
such damage. In doing so, microstructural effects are assessed on the basis of their resistance to damage, 
the latter as given by either microcracking induced by thermal shock [134] or pits formed due to localized 
corrosive attack [48,102]. With that purpose, damage tolerance is accounted by using residual strength as 
a critical "limit state" parameter according to the induced damage level. In both cases, toughness and R-
curve characteristics are assumed to be dominant properties for enhanced performance and reliability. 
This chapter consists of two papers, one of them devoted to study corrosion damage in cemented 
carbides (Article VII), and a second one committed to the thermal shock behaviour of hardmetals 
(Article VIII). An additional contribution to investigate the influence of the microstructure on the 
corrosion damage in hardmetals is given in Annex I. Article VII studies the corrosion behaviour of an 
ultrafine-sized WC–Co cemented carbide immersed in a synthetic mine water solution. The paper 
includes a detailed characterization of corrosion damage by means of the 3D FIB/FESEM technique. 
Moreover, the effect of corrosion damage on the structural integrity is assessed through the measurement 
of residual strength. Also, a detailed FESEM inspection is conducted to discern critical corrosion pits that 
promote failure. In Article VIII the influence of the microstructure on the thermal shock behaviour of 
hardmetals is assessed. In doing so, the samples are subjected to single and repetitive sudden temperature 
changes, and the induced damage is evaluated by measuring the retained strength. Attained results are 
correlated with those estimated from Hasselman parameters for describing crack initiation and 
propagation in structural materials when subjected to thermal shock [138,139]. In addition, a detailed 
fractographic inspection is carried out to discern possible damage induced by thermal shock. 
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Article VII. Corrosion damage in WC–Co cemented carbides: residual strength 
assessment and 3D FIB-FESEM tomography characterisation 
Reference: J.M. Tarragó, G. Fargas, E. Jimenez-Piqué, A. Felip, L. Isern, D. Coureaux, J.J. Roa, I. 
Al-Dawery, J. Fair, L. Llanes, Corrosion damage in WC–Co cemented carbides: residual strength 
assessment and 3D FIB-FESEM tomography characterisation, Powder Metall. 57 (2014) 324–330. 
“Keynote paper award in the Euro PM 2014 Congress & Exhibition” 
This work investigates the corrosion damage resulting after immersion of a WC–15%wt.Co 
hardmetal in a synthetic mine water solution. It includes a detailed characterization of induced damage 
carried out by means of a 3D FIB/FESEM tomographic reconstruction. In addition, damage tolerance to 
corrosion is assessed by measuring residual strength according to the induced damage level, the latter 
given by the immersion time in the corrosive media. A strong strength reduction with exposure time is 
evidenced, directly associated with localised corrosion damage, i.e. corrosion pits acting as stress raisers, 
concentrated in the binder phase. Moreover, a detailed description of corrosion process is provided in 
accordance with the information gathered from the tomographic reconstruction. This is the first 
contribution employing the 3D FIB/FESEM technique to study corrosion phenomena in cemented 
carbides. As a consequence, it represents the first step to further and wider research employing similar 
techniques [149]. 
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Article VIII. Influence of the microstructure on the thermal shock behaviour of 
cemented carbides 
Reference:  J.M. Tarragó, S. Dorvlo, J. Esteve and L. Llanes, Influence of the microstructure on the 
thermal shock behavior of cemented carbides, Ceramics International 42 (2016) 12701–12708. 
It is the purpose of this work to evaluate microstructural effects on the thermal shock resistance 
(i.e. through the measurement of the residual strength) of cemented carbides when subjected to single and 
repetitive abrupt temperature changes. It is also the aim of this investigation to rationalize the thermal 
shock behaviour of hardmetals on the basis of Hasselman’s parameters for quantifying their resistance to 
either crack initiation or propagation induced by thermal shock. Results reveal that harder cemented 
carbides tend to exhibit a higher resistance to thermal shock damage nucleation, but a lower damage 
tolerance to repeated thermal shocks than tougher hardmetals, and vice versa. These trends are in 
agreement with Hasselman’s parameters for quantifying the resistance to either crack initiation or 
propagation induced by thermal shock. Furthermore, thermal shock damage is associated with subcritical 
growth of the intrinsic flaws resulting from localised microcracking in the vicinity of pre-existing defects. 
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Results and conclusions 
 
8.1. Summary of the results and discussion 
This thesis is devoted to study the influence of the microstructure on the mechanical response of 
hardmetals, including tolerance to service-like induced damage. It has been structured in three main 
sections related to relevant service degradation phenomena in cemented carbide: fracture, fatigue and 
damage tolerance to corrosion and thermal shock. In this chapter, the main findings of the research work 
are outlined. 
8.1.1. Fracture and fatigue processes in cemented carbides: crack-microstructure 
interactions 
This thesis includes a detailed characterization of fracture process in cemented carbides when 
subjected to monotonic and cyclic loads by means of fractographic inspection and 3D FIB/FESEM 
tomography. This subject is discussed in several of the presented papers, concretely in Articles I, III, IV, 
V and VI. In line with previous investigations, clear differences have been discerned between the 
fractographic aspects related to crack growth under monotonic (fracture) and cyclic (fatigue) loads. While 
in the former the binder exhibits a ductile fracture mechanism consisting of well-defined dimples, in the 
latter “step-like” fatigue damage features are discerned within the binder, indicative of a crystallographic 
fracture mode (Figure 8.1). Furthermore, tomographic reconstructions of crack-microstructure 
interactions of both processes have been carried out, allowing a comprehensive visualization and 
description of these phenomena. 
On the one hand, stable crack growth under monotonic loads in cemented carbides can be described 
as follows: initially crack starts propagating through the carbide phase; and therefore, binder bridges are 
formed at the crack wake which hamper crack-opening and propagation. As crack opens, ductile enclaves 
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elongate, and microvoids start to form to compensate this deformation. When increasing further the crack 
opening displacement, microvoids growth and localised plastic deformation by necking occurs at the 
ligaments formed between the voids, leading to final failure by microcavities coalescence. Binder regions 
where maximum triaxiality conditions prevail, such as binder zones close to carbide corners as well as 
carbide/binder interface regions are preferential zones for microvoid nucleation. The plastic zone is 
always confined within the binder pools crossed by the crack path, and local blunting is evidenced when 
the crack front ends inside the binder phase. In addition, interface strength appears to be extremely high 
as no metal/ceramic debonding is observed. This mechanism implies an increase of fracture toughness as 
the crack propagates. It is then the main foundation for the existence of a rising crack growth resistance 
(R-curve) behaviour in hardmetals. 
 
Figure 8.1. FESEM micrographs corresponding to (a) unstable crack growth under monotonic loading 
and (b) stable crack growth under cyclic loads for Co-base hardmetals. The top images correspond to 
serial sections obtained by FIB/FESEM tomography whereas the bottom ones correspond to fractographic 
micrographs. 
On the other hand, under cyclic loading the crack follows a crystallographic-like path within the 
binder. In this case subcritical FCG is more predominantly located at the binder phase, in comparison 
with stable crack growth under monotonic loads. Although it is obvious that fatigue mechanisms are of 
crystallographic nature, it remains unclear the exact damage origin of the evidenced steps-like features. 
However, such fatigue failure mode is assumed to be related to comparable size length scales between the 
microstructure and the cyclic plastic zone in front of the crack-tip. This scenario is characteristic of the 
Stage I in the FCG curves of metals, corresponding to the near-threshold regime [83].  
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8.1.2. Influence of the microstructure on the R-curve behaviour of cemented carbides: 
implications on strength and reliability 
One of the main purposes of this thesis is to propose an analytical model for the description of the 
R-curve behaviour of hardmetals, capable of capturing microstructural effects. In doing so, in Article III 
the R-curve behaviour of a Co based cemented carbide is assessed by critical analysis of FIB/FESEM 
micrographs of crack-microstructure interactions taken place at the wake of stably grown cracks (e.g. 
Figure 8.1a). Hence, R-curve behaviour of cemented carbides can be represented according to the 
following equation: 




where KR is the crack-tip resistance stress intensity factor, Kt is the critical crack-tip stress intensity 
factor required for crack initiation, Δa is the subcritical crack growth, and t is a crack length normalizing 
parameter assumed to be proportional to the microstructural size. According to this equation, cemented 
carbides exhibit a steep but short R-curve behaviour associated with the large stresses imparted by the 
highly constrained and strongly bonded bridging ligaments. 
Moreover, microstructural effects on R-curve behaviour of cemented carbides and their impact on 
the strength and reliability of these materials are investigated and discussed in Article IV. In doing so, R-
curve characteristics of cemented carbides are found to be strongly influenced by the microstructure. In 
this regard, R-curves decrease in length but become steeper when diminishing the microstructural size. 
This trend is related to a decrease of the width and an increase of the unitary strength (due to a rise of the 
constraint level exerted by the carbides on the metal phase) of the metallic bridges as the binder mean free 
path decreases. It is important to highlight the substantial impact of the R-curve characteristics on the 
strength and reliability of cemented carbides. Hence, the fracture strength is not only found to be 
dependent on the fracture toughness and the starting initial flaw size, but also notably influenced by the 
effectively developed toughness level and the subcritical crack extension reached before unstable growth. 
Furthermore, stable crack extension before failure results in a size homogenization of existing defects, 
and consequently in an enhanced reliability. 
8.1.3. Response of WC–Co micropillars to uniaxial compression 
In Article II the response to uniaxial compression of WC–Co composite micropillars (of about 3 
μm in diameter) consisting of Co binder regions surrounded by the contiguous ceramic particles is 
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assessed. Main purpose behind it is to acquire a deeper knowledge on the deformation behaviour and 
fracture process of the ductile metallic ligaments and the binder/carbide interface. 
Compression curves (stress-strain relationships) are characterised by several pop-in events (strain 
bursts) with stress values from 0.6 up to 3.1 GPa, and probably related to the activation of 
shearing/cracking events. Very interesting, these stress values range between the flow stresses expected 
for an unconstrained cobalt binder-like alloy and a highly constrained metallic binder. The large stress 
difference evidenced between strain bursts arises on the basis of different crystal orientation and local 
phase assemblage, the latter directly related to constraining degree within tested micropillars.  
The fractographic inspection reveals that the boundaries, either between WC and Co or between 
WC particles, are the weakest points for failure phenomena and microcrack nucleation. On the other 
hand, although some signs of plasticity are evidenced in the WC phase, the biggest concentration of 
plastic deformation is accumulated by the binder phase. In accordance to the observations done in Article 
I, deformation within the binder tends to settle in regions close to the carbide-binder interface or at 
carbides angularities, where triaxiality stress conditions reach their maximum values.  
8.1.4. Fatigue sensitivity of hardmetals with Ni-containing binders 
The FCG behaviour and fatigue sensitivity of a Ni-base and a series of CoNi-base hardmetals are 
investigated in Articles V and VI, respectively. Results point out that cemented carbides with similar 
microstructural characteristics (i.e. carbide size and binder content) exhibit similar fatigue behaviour and 
fatigue sensitivity values regardless of the binder chemical nature. Therefore, for the studied materials 
there exists a negligible influence of the binder chemical nature for studied hardmetals on the degradation 
susceptibility of the toughening crack-bridging mechanism when subjected to fatigue loads. This fact, in 
addition to the similar crystallographic fatigue failure scenario evidenced for Co- and Ni-containing 
hardmetals, questions the effective action of the fcc to hcp martensitic phase transformation found in 
WC–Co hardmetals as the main fatigue micromechanism. 
8.1.5. Carbide mean grain size effects on crack-deflection 
As previously commented, crack-deflection is an additional toughening mechanism in cemented 
carbides. However, contrary to the case of crack-bridging, it is immune to fatigue loads. The effective 
action of this mechanism increases for coarser microstructures and accordingly, a linear rise of the FCG 
threshold with the carbide mean grain size is established in Article VI. This relation comprises carbide 
mean grain sizes from 0.2 up to 4 μm, and is as follows: 
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𝐾𝐾𝑡𝑡ℎ = 5.75 + 1.27𝑑𝑑𝑊𝑊𝑊𝑊  (8.2) 
Therefore, coarse-grained hardmetals are expected to exhibit lower fatigue sensitive values than 
fine-grained ones with similar binder mean free path values. 
8.1.6. Damage tolerance of cemented carbides to localised corrosion: microstructural 
effects 
In Article VII a testing protocol for inducing controlled corrosion damage in cemented carbides is 
presented. In doing so, samples are immersed in an aerated synthetic mine water solution for different 
corrosion times, and tolerance to induced damage is assessed by measuring residual strength. Finally, a 
detailed fractographic inspection is carried out with the purpose of identifying critical corrosion damage 
that promoted failure. In Annex I the testing protocol described in Article VII is implemented in a set of 
hardmetal grades having different microstructural characteristics (i.e. carbide mean grain size and binder 
content). Results reveal that corrosion damage may result in relevant strength degradation in cemented 
carbides on the basis of stress raising effects associated with the formation of surface corrosion pits. Thus, 
as immersion time increases strength gradually decreases. However, relative changes in residual strength 
become less pronounced with exposure time. Interesting, medium-sized grades exhibit much higher 
damage tolerance to corrosion damage than ultrafine ones. This behaviour can be attributed to two main 
factors. First, different corrosion pits geometries are evidenced between medium- and ultrafine-sized 
hardmetals. In this regard, medium-sized hardmetals show semi-elliptical corrosion pits, whereas ultrafine 
grades exhibit very sharp corrosion pits at the corrosion front. Second, the higher damage tolerance levels 
expected for medium-sized grades as related to their higher toughness levels.  
8.1.7. Corrosion phenomena in cemented carbides 
A detailed description of corrosion process in cemented carbides is provided in Article VII and 
Annex I through the characterization of corrosion damage-microstructure interactions by means of the 3D 
FIB/FESEM serial sectioning and imaging technique. Based on the observation an analysis of gathered 
micrographs, corrosion damage evolution may be described as follows: initially corrosion proceeds 
through the nucleation of microcracks at the centre of binder pools, related to stress corrosion cracking 
effects. Then, as corrosion time increases these microcracks tend to expand in radial directions towards 
the binder/carbide interface, resulting in vast binder leaching which finally leaves an unsupported WC 
grain skeleton at the surface.  
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8.1.8. Damage tolerance of cemented carbides to thermal shock: microstructural 
effects 
The influence of the microstructure on the thermal shock resistance of cemented carbides is studied 
in Article VIII, through the assessment of the residual strength of hardmetal beams after being subjected 
to single and repetitive severe temperature changes by water quenching. Attained results evidence that the 
inducement of thermal shock damage may result in relevant strength degradation. Thermal shock damage 
is speculated to be related to the nucleation of microcracks at the carbide-binder interfaces in the vicinity 
of pre-existing flaws. Therefore, microcracking promotes a subcritical growth of intrinsic defects, and 
consequently a strength reduction. Harder cemented carbides grades are found to exhibit a higher 
resistance to the nucleation of thermal shock induced-damage. However, they also present a lower 
resistance to the propagation of such damage, as compared to tougher hardmetals. These trends are in 
agreement with those expected from the relative difference between their initiation (R) and propagation 
(R’’’’) Hasselman’s parameters. Hence, in Article VIII thermal shock indexes are invoked, in terms of 
strength- and toughness-controlled scenarios, as figures of merit for structural design with these materials. 
Finally, an improved thermal shock resistance when increasing carbide mean grain size is also evidenced, 
as related to higher thermal conductivity as well as enhanced damage tolerance (i.e. due to a more 
prominent R-curve behaviour).  
8.2. General conclusions 
• Unequivocal proof of the development of a multiligament zone consisting of ductile metallic enclaves 
at the crack wake is provided. This toughening mechanism is the main foundation for understanding 
toughness and R-curve behaviour of cemented carbides. 
• A model for the description of the R-curve behaviour of hardmetals is proposed. This relation captures 
microstructural effects on the R-curve characteristics of these materials. On the basis of this model, a 
strong microstructural influence on the R-curve behaviour of cemented carbides is documented. It is 
related to the width and strength of the ductile ligaments, the latter directly associated with the 
effective constraint level exerted by the surrounding carbides over the ductile phase. 
• R-curve characteristics have a relevant impact on the strength and reliability of cemented carbides. On 
the one hand, fracture strength of hardmetals is substantially affected by the effectively developed 
toughness level and the subcritical crack growth triggered before unstable fracture. On the other hand, 
crack-bridging toughening mechanism has a beneficial effect on the reliability of hardmetals, due to 
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size homogenization of existing flaws, as related to stable crack extension before failure. 
Consequently, the existence of such R-curve behaviour also promotes enhanced damage tolerance. 
• WC–Co composite micropillars consisting of few Co binder regions surrounded by hard particles have 
been successfully tested under uniaxial compression. Experimental results indicate that the interfaces 
between carbide particles and between binder and carbide phases are the principal points for 
irreversible deformation and failure phenomena. Stress-strain curves reveal several strain bursts at 
strength values comprised between the flow stress values expected for an unconstrained Co-binder like 
alloy and a highly constrained binder region in bulk WC–Co composites. This high strength scatter is 
rationalised on the basis of different crystal orientation and local phase assemblage. 
• Strength degradation of cemented carbides under the application of cyclic loads is principally related 
to the inhibition of the crack-bridging toughening mechanism. Thus, the metallic phase is the fatigue 
susceptible agent in hardmetals. 
• Stable crack growth under cyclic loads follows a crystallographic path through the metallic binder. 
This damage mode is speculated to be a direct consequence of the comparable size length scales for 
the microstructure and the cyclic plastic zone at the crack-tip front. 
• Co, CoNi and Ni binders exhibit a similar mechanical degradation as toughening agents in cemented 
carbides when subjected to cyclic loads, regardless the fact that they have different damage 
micromechanisms. Accordingly, Co-, CoNi- and Ni-base cemented carbides show similar fatigue 
sensitivity trends. 
• Crack-deflection is an additional toughening mechanism in cemented carbides immune to fatigue 
loads. The effectiveness of this mechanism increases for coarser microstructures. Consequently, the 
FCG threshold linearly rises with carbide mean grain size, and as a result fatigue sensitivity decreases. 
• Both, localised corrosion and thermal shock damage may result in relevant strength degradation in 
cemented carbides. Within this context, the microstructure plays a principal role in defining the 
effective tolerance to the induced damage level. 
• Strength loss associated with corrosion damage is rationalised on the basis of stress raising effects 
related to corrosion pits. Semi-elliptical and sharp angular corrosion pits were identified as critical 
corrosion damage for medium- and ultrafine-sized hardmetals, respectively. The latter have more 
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pronounced stress rising effects; and consequently, ultrafine graded cemented carbides exhibit higher 
strength losses when subjected to corrosion damage. 
• Thermal shock strength reduction in cemented carbides is speculated to be associated with subcritical 
crack growth of pre-existing flaws, as related to localised microcracking. Harder cemented carbides 
grades tend to exhibit superior resistance to thermal shock damage nucleation but lower resistance to 
the propagation of such damage than tougher hardmetals. Within this context, thermal shock indexes 
in terms of strength- and toughness-controlled scenarios are invoked as figures of merit for the 
structural design with these materials.  
8.3. Impact and perspectives 
One of the main outcomes of this Ph.D. thesis comes from the realisation of the requirement for 
hardmetal community to gain a deeper understanding of the role of the microstructure on the evolution of 
material properties and performance when inducing damage during real service-life of tools and 
components. Accordingly, the basic approach based on the evaluation of microstructure-property relations 
should advance towards a more realistic and application based concept. It includes the assessment of the 
evolution of microstructure-property-performance interrelations as material degrades due to the harsh 
working conditions to which it is subjected. Although a decisive step forward in this direction is 
presented in this thesis, further and wider research should be addressed to this purpose with the aim of 
covering new materials and service-like conditions. Within this context, one step further in the near future 
should also include the consideration of the synergic effects between different damage mechanisms. 
Following above comments, it should be underlined the breakthrough presented in this thesis 
concerning the acquisition of a deep knowledge on the crack-bridging toughening mechanism in 
cemented carbides, as the main foundation for understanding the fracture behaviour and damage tolerance 
of these materials. In this regard, the model proposed for the description of the R-curve behaviour of 
hardmetals according to their microstructural characteristics could certainly have a great impact for the 
proper structural design with these materials. However, this advance only represents a closer 
approximation to reality, and future efforts should be devoted to study the effects of the geometry of 
critical defects on their effective action as stress raisers. That would allow rationalising the fracture 
behaviour of cemented carbides on the basis of a simultaneous consideration of (1) their R-curve 
characteristics, and (2) the stress raising effects associated with flaw geometry. 
This Ph.D. thesis also emphasises the importance of understanding microstructure-damage relations 
in hardmetals in order to set up the basis for an improved microstructural design which minimises the 
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adverse effects of damage-related features on the performance of engineering components. In this regard, 
this work provides a detailed description of microstructure-damage interactions under the consideration of 
monotonic (fracture) and cyclic (fatigue) loads as well as corrosion and thermal shock damage. Within 
this context, it would be of real interest to explore other types of damage-related features and material 
configurations by employing similar techniques. 
There exists a growing interest on the hardmetal community to move from cobalt to alternative 
binders. Nickel has attracted considerable attention as Co substitute and therefore the efforts dedicated in 
this thesis to investigate the fatigue and thermal shock behaviour of cemented carbides with Ni-containing 
binders would certainly be of interest to this research community. Future research should be addressed to 
evaluate new binder alloys that could potentially improve the performance and life-time of hardmetal 
tools and components.  
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Microstructural influence on tolerance to corrosion-induced 
damage in hardmetals 
 
1. Introduction 
Cemented carbides, also referred to as hardmetals, are a group of ceramic-metal composite 
materials that exhibit an outstanding combination of hardness, wear resistance and toughness [1–3]. Their 
unique combination of properties has made of them the preferential choice in a large number of industrial 
applications demanding high performance under harsh working conditions, e.g. cutting and forming tools, 
mining bits and mechanical seals [4,5]. Hardmetals composite nature consists of hard and brittle ceramic 
particles (generally WC) embedded into a ductile metallic matrix forming two interpenetrating networks. 
The preferential choice for the ductile binder is Co but binders of different chemical nature (e.g. Ni, 
CoNi) are used in applications demanding enhanced performance under certain severe working 
conditions, such as corrosive environments and high temperatures [6]. 
 Cemented carbides tools and components are frequently exposed to chemically aggressive media 
including a large variety of corrosive environments, such as lubricants, chemical and petrochemical 
products as well as mine- and sea- water (e.g. Refs. [7–10]). Therefore, it is of crucial importance to 
improve the corrosion resistance of cemented carbides in order to increase their service life and to prevent 
premature failure of tools and components. In acidic and neutral pH solutions, hardmetals corrosion 
process consists on a galvanic couple where the binder is selectively attacked due to its anodic role [11–
14], whereas WC particles are cathodically protected [13]. In addition, due to the larger surface area 
covered by ceramic particles, corrosion in the anodic sites gets enhanced [13]. The opposite trend is found 
in basic solutions, where ceramic particles dissolve and the binder phase passivates [15,16]. Corrosion 
mechanisms in cemented carbides are really complex and depend on a large number of factors such as 
surface state, corrosive medium, hardmetal microstructure and binder chemical nature. Furthermore, 
corrosion system is in constant evolution due to the continuous changes produced by the cathodic and 
anodic reactions taking place at the surface [13]. 
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In-service performance of cemented carbides is not only dependent on their intrinsic mechanical 
properties but also is highly influenced by their resistance to the aggressive medium to which they are 
exposed. Within this context, corrosion attack exposes WC grains, resulting in a noticeable increase of 
wear rates. Accordingly, several studies have been focused on studying the synergic effects between 
erosion/abrasion and corrosion on the wear rates of cemented carbides (e.g. Refs.  [15–19]). Cemented 
carbides exhibit brittle fracture behaviour related to the propagation of pre-existing flaws which may be 
processing-, shaping- or service- induced defects (e.g. Refs. [2,8,20–24]). Therefore, corrosion damage 
may also induce a detrimental effect on the strength and fatigue resistance of hardmetals due to the 
formation of corrosion pits with pronounced stress rising effects [8,9,25–27]. Thus, localized corrosion 
damage may have a critical role as a critical flaw, promoting a premature and un-expected failure 
[8,9,25,27]. However, to the best knowledge of the authors, only two studies have been addressed to 
correlate strength reduction and corrosion damage in cemented carbides, and both of them point out 
relevant strength degradation due to the stress rising effects produced by localized corrosion damage 
[8,27]. Thus, from a structural integrity perspective, it is essential to understand the detrimental impact 
that corrosion damage may induce in the performance of cemented carbides components. 
The combined use of Focused Ion Beam (FIB) and Field Emission Scanning Electron Microscopy 
(FESEM) has been proved as an extremely useful technique for characterizing microstructure [28,29] and 
damage phenomena [19,27,28,30–32] in cemented carbides. Following the above ideas, the aim of this 
investigation is two-fold: (1) to provide a thorough characterization of corrosion damage in cemented 
carbides immersed in a mine water solution, and (2) to study the detrimental effects of corrosion as a 
degrading factor of their mechanical performance. Within this purpose, the corrosion behaviour of five 
WC-Co cemented carbide grades having different microstructural characteristics was first investigated by 
means of electrochemical measurements. Then, retained strength after the inducement of corrosion 
damage was assessed and a corresponding fractographic analysis was conducted. Finally, a detailed 
characterization of corrosion damage-microstructure interactions in cemented carbides was done from 
tomographic reconstructions obtained by means of 3D FIB/FESEM serial sectioning and imaging. 
2. Materials and experimental aspects 
Carbide mean grain size (dWC) and the binder content (%wt.), are the principal parameters involved 
in the definition of the microstructural assemblage of WC-Co hardmetals. Thus, in order to investigate the 
influence of the microstructure on the corrosion damage of cemented carbides, five experimental WC-Co 
hardmetal grades having different combinations of binder content and mean grain size were studied. All 
materials were supplied by Sandvik Hyperion. Main microstructural characteristics, including specimen 
designations, binder content, carbide mean grain size, contiguity (CWC) and binder mean free path (λCo) 
are detailed in Table 1. Mean grain size was measured following the linear intercept method, using field 
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emission scanning electron microscopy (FESEM) micrographs. On the other hand, carbide contiguity and 
binder mean free path were deduced following empirical relationships given in the literature [2,33]. A 
small amount of Cr3C2 (i.e. around a 5%wt. of the binder content) was added to the composition of 11M, 









15M 15 1.15 ± 0.92 0.30 ± 0.07 0.55 ± 0.46 
11M* 11 1.12 ± 0.71 0.38 ± 0.07 0.42 ± 0.28 
15UF* 15 0.47 ± 0.22 0.36 ± 0.02 0.24 ± 0.11 
10UF* 10 0.39 ± 0.19 0.46 ± 0.06 0.16 ± 0.06 
3UF* 3 0.37 ± 0.09 0.59 ± 0.12 0.08 ± 0.03 
Table 1. Nomenclature and microstructural parameters for investigated cemented carbides. *Presence of 
Cr3C2 in the composition as a grain growth inhibitor.  
Corrosion behaviour was first studied on the basis of electrochemical response of the grades under 
consideration. Corrosive media consisted on synthetic mine water solution (SMW) (pH = 6.3) containing 
dissolved salts whose composition is detailed in Table 2 [12,34]. The potentiodynamic polarization 
technique was applied to study the corrosion resistance of the investigated cemented carbides in the 
aerated SMW solution at room temperature. The electrochemical tests were carried out using a standard 
three electrode system in which the test specimen was the working electrode, a platinum plate was the 
counter electrode and a silver/silver chloride electrode was used as the reference electrode. After 
immersion in the electrolyte, the open circuit potential was stabilized during 30 minutes. Subsequently, 
the sample was polarized into the cathodic region at -500 mV. Then, the potential was increased towards 








Table 2. Synthetic mine water solution composition [11]. 
Different levels of corrosion damage were induced through simple immersion of specimens in the 
stirred synthetic mine water corrosive media. Weight loss was measured after immersion tests performed 
from 24 to 360 h. Before and after immersion tests, the specimens were first hand-cleaned by using soapy 
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water and then ultrasonically cleaned for 15 min in ethanol, subsequently dried with a pure air, and 
weighted in an electronic balance having a resolution of ± 0.1 mg. Corrosion rates were estimated using 
the following equation: 




where w is the weight loss in mg; A is the surface area of the specimen in cm2; ρ is the density of the 
material in g/cm3; and t is the corrosion time in hours. 
After immersion tests, retained flexural strength (σr) was assessed. At least three samples were 
tested per investigated material and corrosion time. Flexural strength was determined by subjecting 4 mm 
x 3 mm x 45 mm specimens to failure using a four-point bending fully articulated test jig with inner and 
outer spans of 20 and 40 mm, respectively. Subsequently, a detailed FESEM fractographic inspection was 
conducted with the purpose of characterizing corrosion damage as well as to discern critical failure sites. 
Strength data was also assessed for non-corroded specimens (reference) and at least 15 samples were 
tested per studied grade. Here, the surface which was later subjected to the maximum tensile load was 
polished to mirror-like finish and the edges were chamfered to reduce their effect as stress raisers. Besides 
fracture strength, each grade was mechanically characterized in terms of hardness and fracture toughness. 
Hardness (HV30) was measured using a Vickers indenter and applying a load of 294N. Fracture 
toughness (KIc) was determined using 5 mm x 10 mm x 45 mm single edge pre-cracked beam (SEPB) 
specimens and details on the procedure may be found elsewhere [35]. In this case, five samples were 
tested per material. 
 
Figure 1. FESEM micrograph corresponding to the selected region of interest for 3D reconstruction on 
the 15M hardmetal corroded for 7 days. 
2 μm
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One of the main goals of this investigation is to conduct a detailed characterization of corrosion 
damage in cemented carbides by performing a 3D reconstruction of corrosion damage-microstructure 
interactions. In doing so, the serial sectioning and imaging technique was implemented in a FIB/FESEM 
(Zeiss Neon 40) equipment. Two samples were selected for the tomographic reconstruction, 
corresponding to the 15M grade immersed in the synthetic mine water solution for 7 and 15 days. 
Initially, an inspection of the corroded surface was carried out in order to select a small area of interest (of 
about 12 μm x 12 μm) for the reconstruction (e.g. Figure 1).  Before ion milling, a thin protective 
platinum layer was deposited on the area of interest. Then, a U-shaped trench with one cross-sectional 
surface (perpendicular to specimen surface) was produced by FIB (Figure 2). Subsequently, a series of 
micrographs were obtained by periodic removal of the material by FIB, within the U-shaped crater 
parallel to the cross-sectional surface. An example of obtained micrographs is shown for both, 7 and 15 
days, in Figure 3. A total volume of about 12 µm × 12 µm × 10 µm was ion milled and around 600 
images were obtained with a span of about 20 nm between them. The 3D reconstruction of the images 
was carried out using the commercial Avizo software. Obtained micrographs were aligned and a series of 
image processing techniques were implemented in order to correct, equalize, and differentiate the grey 
levels associated with each phase (WC, cobalt, corroded cobalt and microcracks). The next step consisted 
of segmenting these phases to finally reconstruct the 3D volume. 
 
Figure 2. FESEM image of the trench generated by FIB, previous to sequential milling around the region 
of interest for the 15M hardmetal corroded for 7 days. 
5 μm
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Figure 3. Micrographs showing corrosion damage–microstructure interactions on serial sections obtained 
by means of FIB/FESEM after being filtered. 
3. Results and discussion 
 
3.1. Corrosion behaviour 
The measured corrosion rates for the studied materials are shown in Figure 4. It can be observed 
that the investigated 15M hardmetal grade exhibit much higher corrosion rates than the other studied 
materials. Indeed, during sintering chromium dissolves into the binder and that result in a beneficial effect 
against corrosion [36,37]. TEM analysis performed by Suttihiruangwong et al. demonstrated the 
formation of a passivating Co-based chromium oxide layer film at the binder surface which strongly 
decreased the rate of dissolution of the binder, and hence the improved corrosion resistance of Cr-
containing cemented carbides [37]. On the other hand, the other materials showed similar corrosion rates. 
A small decrease of corrosion rates with grain size was evidenced when comparing 11M and 10UF 
grades. Contradictory results may be found in literature regarding the effect of grain size on the corrosion 
resistance of hardmetals [12,36]. On one hand Human and Exner [12] documented, on the basis of 
electrochemical measurements, that the WC mean size does not have a significant effect on the corrosion 
rates of cemented carbides. On the other hand, Tomlinson and Ayerst pointed out an increase of corrosion 
rates with grain size [36]. As discussed below, this slightly decrease in corrosion rates observed for the 
ultrafine grades may be related to the pseudopassive behaviour evidenced for these materials. As 
expected, a decrease of the corrosion rates when decreasing the binder content was also evidenced. This 
decrease is related to a lower binder surface area exposed to the corrosive media, even though the 
decrease of the metallic phase surface area enhances the galvanic couple effect between WC and Co 
phases [13]. 
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Figure 4. Corrosion rates as a function of immersion time for the studied cemented carbides. 
The electrochemical parameters measured for the studied cemented carbides are listed in Table 3. 
They include corrosion potential (Ecorr), corrosion current density (icorr), critical current density (ic) and 
minimum current density in pseudopassive region (ipp). As an example, the potentiodynamic polarisation 
curves obtained for the 15M and 15UF grades are shown in Figure 5. It can be observed that the presence 
of chromium in the binder leads to lower values of the corrosion current density, as evidenced when 
comparing 11M and 15M grades [38]. Very interesting, pseudopassivation phenomenon was only 
discerned for the ultrafine grades. This is particularly clear in Figure 5, where a continuous anodic 
dissolution is observed for the 15M hardmetal, while the current density for the 15UF grade drops to 
lower values after achieving the critical current density. In agreement with previous results [39], 
pseudopassivation phenomenon is a consequence of a limitation of the cobalt diffusion that causes a 
decrease of the current flow. After the dissolution of the cobalt present at the surface, the current flow is 
limited because cobalt has to diffuse throughout the remaining porous tungsten carbide skeleton. Thus, 
when the binder mean free path gets shorter, as it is the case for the ultrafine grades, cobalt diffusion gets 
lessened. On the other hand, 15M did not show a pseudopassivation phenomenon.  In addition, it is 
interesting to notice that ultrafine grades exhibit less negative Ecorr, i.e. more noble values, than medium 
ones for similar binder contents (see Table 3), which yields lower corrosion current densities. 
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Specimen code Ecorr (mV) icorr (µA/cm2) ic (mA/cm2) ipp (mA/cm2) 
15M -287 6.23 3.72 - 
11M -291 2.87 3.51 - 
15UF -274 3.64 0.56 0.23 
10UF -264  2.41 0.40 0.18 
3UF -268 1.13 0.51 0.16 
Table 3. Electrochemical parameters of the studied cemented carbides. They include corrosion potential 
(Ecorr), corrosion current density (icorr), critical current density (ic) and minimum current density in 
pseudopassive region (ipp). 
 
Figure 5. Potentiodynamic polarisation of 15M and 15UF alloys in synthetic mine water. 
3.2. Residual strength of corroded hardmetals 
The mechanical characterization of investigated materials prior to immersion tests includes the 
assessment of their hardness, fracture toughness, flexural strength and Weibull modulus.  Obtained results 
are listed in Table 4. As expected, hardness rises and fracture toughness decreases when the binder mean 
free path gets shorter [2]. The tougher grades exhibited extremely high Weibull modulus values, whereas 
the higher strength scatters were measured for the harder hardmetals.  
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15M 11.2 ± 0.1 15.2 ± 0.4 2912 ± 88 39 
11M 12.8 ± 0.2 13.9 ± 0.3 3101 ± 102 36 
15UF 13.2 ± 0.1 11.3 ± 0.6 3869 ± 109 42 
10UF 15.7 ± 0.6 10.4 ± 0.3 3422 ± 512 11 
3UF 18.9 ± 0.8 7.4 ± 0.7 2214 ± 313 8 
Table 4. Hardness, fracture toughness, flexural strength and Weibull modulus for the investigated 
cemented carbides. 
Retained strength after corrosion is plotted as a function of immersion time in Figure 6a. Same 
experimental data is given in Figure 6b as normalized strength loss, using as reference baseline the 
strength exhibited by non-corroded specimens. These results clearly indicate that; (1) corrosion may 
produce a relevant strength degradation in cemented carbides that is highly dependent on their 
microstructure; (2) relative changes of strength loss are pronounced for short exposure times, but tend to 
stabilize for longer immersion times; and (3) retained strength results are characterized by a high 
dispersion probably related to significant differences in the size and geometry of corrosion damage acting 
as a critical flaws for fracture. Attempting to document and analyse corrosion-induced damage promoting 
failure, a detailed inspection of fractured surfaces was conducted by means of FESEM. In doing so, 
critical flaws were identified and documented. Fractographic examination reveals that corrosion pits act 
as critical points for starting fracture. A strong effect of the carbide mean grain size on the size and shape 
of these pits, and accordingly on strength degradation was evidenced. On one hand, medium-sized 
hardmetals exhibit semi-elliptical corrosion pits. On the other hand, corrosion in ultrafine grades is 
characterized by a heterogeneous surface layer, where localized sharp corrosion pits form at the corrosion 
front. In this sense, after the dissolution of the cobalt directly exposed to the media, the oxidation for 
ultrafine grades continues within the pit itself. The pits downward growth evidenced for ultrafine grades 
is speculated to be related to several interacting factors: shorter path between center of binder pools and 
carbide/binder interface together with higher surface area of interfaces as grain size decreases, gravity 
effects and a synergic increase of [Cl-] concentration at sharper pits of angular corrosion pits as they 
grows. Consequently, the formation of such defects could induce a decrease in service life due to their 
effect as stress concentrators for crack initiation and growth. Some examples are shown in Figure 7, 
corresponding to short and long immersion times, for the investigated 15UF, 15M and 11M hardmetals. 
Concerning microstructural effects on strength degradation, the ultrafine-sized studied grades are 
much more affected by corrosion damage than medium-sized ones. Indeed, they exhibit strength losses of 
about a 30% after immersion time of 3 days, increasing up to values close to a 50% for longer exposure 
times. Critical corrosion damage is characterized by a selective attack of the metallic binder that leaves a 
WC skeleton surface layer [12,13,39,40]. Fractographic examination reveals that for the ultrafine grades, 
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depth of the corrosion front increases as immersion time into the corrosive media gets longer. 
Nonetheless, the corrosion front is not homogeneous and localized corrosion pits at the interface between 
the corrosion front and the un-corroded surface were discerned. Clear examples of such phenomena are 
given in Figure 7. The formation of these corrosion features is of crucial importance for determining 
effective strength degradation, as they act as preferential sites for crack nucleation and extension [8]. 
However, as immersion time increases, the ratio between the pit depth and the thickness of the damaged 
layer decreases. As a consequence, the stress concentration role played by corrosion pits gets 
geometrically lessened. This fact explains the lower relative changes observed in retained strength for 
long exposure times. 
 
Figure 6. (a) Retained strength and (b) normalized retained strength as a function of corrosion time in the 
stirred corrosive media for the materials here studied. Strength of non-corroded specimens is used as 
reference baseline. 
Corrosion damage is less critical for the 15M investigated grade and its strength is retained up to 
80% level for long immersion times. Two aspects should be considered for explaining the differences 
found between 15UF and 15M specimens. First, for similar binder content, the medium-sized grade is 
tougher, and thus a higher damage-tolerance level is to be expected [24,41,42]. Hence, as binder mean 
free path increases, and likewise fracture toughness, damage mode shifts from fracture to deformation 
controlled, increasing the tolerance to presence of critical damage [24]. Second, the geometry of corrosion 
induced critical damage is significantly different for both materials, as it is clearly evidenced in Figure 7. 
In the case of the 15M hardmetal, critical corrosion damage consists of surface semi-elliptical corrosion 
pits. The depth of these pits slowly growths as immersion time increases. However, this is not the case for 
their length, which increases with corrosion time. Thus, as exposure time gets longer, the ellipse 
eccentricity of corrosion induced pits increases. It should be noted that this fact relates to the stabilization 
of the residual strength of the 15M grade for long immersion times. In agreement with previous 
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experiments carried out in acidic solutions, binder surface area distribution plays a decisive role on the 
corrosion behavior of cemented carbides [39]. For hardmetals with large binder mean free paths corrosion 
develops homogenously at the surface. On the other hand, corrosion becomes localized when the exposed 
area to corrosive media is reduced (i.e. ultrafine cemented carbides). 
 
Figure 7. Critical corrosion damage promoting failure for different corrosion times the 15UF, 15M and 
11M investigated WC-Co cemented carbides. 
The strength of the 11M grade is barely reduced due to corrosion damage. In fact, identified critical 
flaws for short exposure times were mainly not corrosion-related, but rather pre-existing flaws inherent to 
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the manufacturing process (Figure 7). Therefore, in such cases corrosion pits were less critical than pre-
existing manufacturing defects and the strength was evidently retained. For longer corrosion times, semi-
elliptical corrosion flaws were discerned (Figure 7). Thus, it could be concluded that 11M hardmetal 
exhibits the best compromise between corrosion resistance and damage tolerance. 
3.3. 3D FIB/FESEM characterization of corrosion-induced damage 
A detailed characterization of corrosion damage was conducted by means of the FESEM/FIB 
technique for the 15M hardmetal after being immersed for 7 (168h) and 15 (360h) days in the corrosive 
medium. Examples of obtained micrographs after the application of image processing techniques showing 
corrosion damage-microstructure interactions are shown in Figure 3 for both investigated conditions. In 
Figure 8 such phases were segmented and appear as yellow (WC carbides), blue (cobalt), green (corroded 
cobalt) and red (microcracks). The whole 3D reconstructed volume for both analysed conditions is shown 
in Figure 9. In addition, an illustrative video detailing the 3D FIB/FESEM reconstruction, segmentation 
and analysis process is provided. To access to the video component, simply click the image visible below 
(online version only). From the observation of these figures and the video, corrosion damage may be 
described by a selective attack of the metallic binder consisting on the nucleation of microcracks, 
probably associated with binder dissolution [12,13,39,40] and the formation of new cobalt phases 
[9,15,39]. As immersion time increases, corrosion damage evolves form microcrack formation to vast 
binder leaching, the latter resulting then in unsupported carbide grains throughout the affected surface 
(see Figure 10). 
 
Figure 8. Filtered and segmented FESEM micrographs attained by FIB tomography, four phases were 
identified: WC carbides (yellow), metallic binder (blue), attacked cobalt (green) and microcracks (red). 
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Figure 9. 3D reconstructed image describing corrosion damage-microstructure interactions for the 15M 
hardmetal here studied (after 7 and 15 days of exposure time). 
The direct inspection of transversal cut micrographs indicates that corrosion process is mainly the 
result of selective dissolution of metallic binder, which initially is located at the centre of the binder pools 
and growth towards the carbide/binder interface. Thus, corrosion induced microcracks were mostly 
observed in the core of binder pools rather than at binder/carbide interfaces (e.g. Figure 10). With the 
purpose of obtaining a qualitative estimation of this fact, and in order to study the evolution of corrosion 





where Am/Co and Am/WC are the contact areas between the microcracks and the cobalt binder (Figure 10b) 
and the WC phase (Figure 10c), respectively. Therefore, Rc index takes high values if the microcracks are 
mainly concentrated at the binder pools centres without direct contact with the WC skeleton. Current 
estimates yield Rc values of 74 and 16 for 7 and 15 immersion days, respectively. As expected, high Rc 
values were obtained, confirming above presented ideas. Interesting, Rc decreases as immersion time gets 
longer for the 15M hardmetal, indicating that corrosion damage nucleates at the binder pool cores but 
expands in the radial direction as corrosion time increases. It validates the above presented ideas. 
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Figure 10. (a) Micrograph detailing the formation of microcracks within the binder; images illustrating 
(b) microcracks/binder and (c) microcracks/carbides contact areas. 
From the observation of obtained micrographs, and according to previous investigations (e.g. Ref. 
[13,40]), it is evident that the binder phase controls the corrosion behaviour of WC-Co composites. It is 
therefore reasonable to assume the binder itself, the corroded binder and the microcrack ‘phases’ as the 
pertinent features for describing corrosion damage–microstructure interactions in hardmetals. With this 
purpose, a study of the relative distribution and interconnectivity degree of those phases was attempted by 
means of the image analysis technique of skeletonization. This process involves the simplification of the 
phase of interest by transforming it in filaments whose diameter and colour are related to its local size. In 
this study, local regions corresponding to large volumes occupied at the small length scale are 
characterized by thick ligaments coloured in red. Conversely, if presence of the phase at the local level 
becomes scarcer, cords become thinner and blue. This enables the assessment of certain distribution 
properties such as the interconnectivity degree and the length and local thickness of each phase. The 
skeleton of the binder, the attacked binder (i.e. corresponding to the addition of the corroded binder and 
the corrosion-induced microcracked phases) and of the corrosion-induced microcracked phases is shown 
in Figure 11. A first observation reveals a long range and fully interconnected cobalt binder, whereas the 
microcracked phase forms short range and locally interconnected networks. These results indicate that the 
binder phase is composed by a single group (i.e. the cobalt phase is fully interconnected), suggesting that 
WC and binder phases form two networks that are fully interconnected. This perfectly interpenetrated 
structure is attributable to the very low interfacial energy, excellent wetting and very good adhesion for 
the WC and Co couple, and is the main reason for explaining the outstanding fracture toughness levels 
exhibited by cemented carbides [42,43]. 
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Figure 11. Skeletonization of the binder, attacked binder and microcrack phases for the reconstructed 
volumes corresponding to the 15M samples immersed for 7 (a) and 15 (b) days.  
4. Conclusions 
In this study the influence of microstructure on the tolerance to damage induced by corrosion in 
WC-Co cemented carbides has been investigated. Corrosion media used was an agitated mine water 
solution, and damage tolerance was assessed on the basis of the retained strength after corrosion 
exposure. The investigation also included a characterization of corrosion damage-microstructure 
interactions by means of the 3D FIB/FESEM technique. Based on obtained results, the following 
conclusions may be drawn: 
1. Strong microstructural effects on the corrosion behaviour of cemented carbides when immersed in 
a synthetic mine water solution were evidenced. A pseudopassive behaviour was determined for 
ultrafine grades which slightly decreases corrosion rates due to a limitation of the diffusion of 
cobalt from the surface. Medium grain sized hardmetals do not exhibit this pseudopassive regime. 
2. Corrosion damage may result in relevant strength degradation in cemented carbides. However, 
relative changes in residual strength become less pronounced with exposure time, as corrosion 
damage gets homogenized. Within this context, the microstructure plays a principal role in defining 
the effective tolerance to the induced damage level. 
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3. Strength loss associated with corrosion damage is rationalized on the basis of stress raising effects 
related to corrosion pits. Semi-elliptical and sharp angular corrosion pits were identified as critical 
corrosion damage for medium- and ultrafine-sized hardmetals, respectively. The latter have much 
more pronounced stress rising effects and consequently, ultrafine graded cemented carbides exhibit 
higher strength losses in the presence of corrosion damage. 
4. 3D FIB/FESEM tomography reveals localized corrosion pits with variable and partial 
interconnectivity (as a function of depth). Corrosion damage starts at the center of the binder pools 
by microcracking. Microcracks growth with exposure time in radial directions resulting in 
pronounced binder removal, which finally leaves a WC skeleton.  
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